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ABSTRACT

ABSTRACT

The oxide film formed on metallic substrate during un-lubricated dry sliding is a
critical factor affecting the wear resistance of the sliding components and the
coefficient of friction. A healthy and well-maintained tribo-oxide layer kept with
proper thickness and good surface conditions provides a solid sheet of lubrication
between the rubbing pair by separating them from direct metallic contact and, thus
preventing the sliding surfaces from severe damage.

The purpose of this study is to further examine the relationship between the so-called
protective tribo-glaze and the substrate underneath, such as the adhesion between the
two components with different thermal expansion coefficients, the influence of
growth of these oxide plateaux on the coefficient of friction and so forth.

The adherence of an oxide layer onto the metallic substrate, mainly steels and cast
irons, is reviewed. Hot compression and heat treatment were conducted on the
samples tested using the Gleeble 3500 in this work. The sample is a composite
material consisting of three layers, where the formability-poor cast iron is the core
layer and low carbon steels are the outer layers. This sandwich-structural material is
produced by hot rolling process through which the interface strengths between the
cast iron and steels were greatly enhanced with a metallurgical bonding condition,
after they were cast together, by pouring the molten steel which has a higher melting
point into a casting device, followed by molten cast iron. The sliding wear test was
carried out using CETR wear testing apparatus for three sample conditions of cast
iron layer before they were cut from the cast iron layers. The three sample conditions
are hot rolled sample that was hot rolled into composite with metallurgical bonding
at a low carbon steel and cast iron interfaces, heat treated sample that was
destabilised in the Gleeble 3500 at 1050 °C for 8 min in a vacuum after hot rolling,
and hot compressed sample that was hot compressed in a vacuum (40% reduction at
a strain rate of 1/s) in the Gleeble 3500 at 1050 °C for 8 min. The wear test on these
iii
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three samples was conducted under dry sliding conditions at room temperature, after
sliding parameters of 20, 40N, and 45 and 78mm/s were pre-set for different sliding
tests in the CETR setup. Sliding durations of 7.5 min and 2 min were selected for
various testing conditions in this study. Optical microscope (OM) and scanning
electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS)
were used to observe the worn surfaces of these samples.

After misalignment and running-in, it was found that the wear was always mild for
all the testing conditions, due to the formation of oxide plateaux on the disc specimen,
cast rubbed against the upper high chrome steel ball shaped specimen. When the load
was increased to 40N, a so-called negative wear response occurred on the heat
treated sample and the hot compressed sample. However, the hot rolled sample failed
to respond in a similar manner under the same sliding condition. The negative wear
from these samples generally lasted for some 2 min, followed by a reverse trend
where the displacement of the pin became positive, which is what happened to the
hot rolled sample during the whole sliding period. A 2 -minute test was carried out
on these samples. The results revealed that the worn surfaces of the heat treated and
hot compressed samples were coated with a protective oxide plateau which
contributed to a negative displacement of pins, which was ready to be break off due
to their approach to the critical thickness determined by surface fatigue and their
brittle nature. However, the worn surface of hot rolled sample was not covered with
such a healthy protective film that was replaced by discontinuous oxide plateaux
which had been spalled off during rubbing and oxidised wear debris dispersed ready
to be compacted into glaze on the worn track. The differences of stabilities and
maintenance of oxide layer formed on these samples were discussed. The
relationship between the formation of an oxide layer on the heat treated and hot
compressed samples and the coefficient of friction as a function of sliding time was
also discussed. It was concluded that the lowering coefficient of friction caused by
the formation and development of a protective oxide layer only operates when the
surface is kept well before approaching its critical thickness at which the surface
severely cracks and is shown as scales instead of a whole oxide continent. This
shows that the development of wear resistance offered by this layer is not
synchronised with its growth in height.
iv
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CHAPTER 1

INTRODUCTION

Sliding wear is not easy to define exactly in a few words because too many
mechanisms may be involved during metal-metal rubbing, such as abrasive wear,
adhesive wear, delamination wear, surface fatigue, oxidational wear, and so on.

Abrasive wear is a very common wear process that mainly consists of ploughing,
cutting, and fragmentation. Figure 1.1 shows these separate situations of abrasive
wear respectively.

Figure 1.1 Examples of ploughing (a), cutting (b) and fragmentation (c) commonly
seen in abrasive wear [1]

As to adhesive wear, material transfer from one component to its counterpart may be
involved during relative motion. Typical traces of adhesive wear found in oxidational
wear are shown in Figure 1.2.

Delamination wear is another type of wear prevalent in oxidational wear, especially
when the wear is severe and the mechanism has been extensively explored and
discussed by Suh [2, 3]. The typical appearances of delamination in oxidational wear
are revealed in Figure 1.3.
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Figure 1.2 Typical adhesive wear trace in oxidational wear [4]

Figure 1.3 Delamination observed in oxide film formed on hot working die steels [5]

Specifically, for wear resulting from sliding contact between two metals, one or
some of the wear regimes listed above may still be operating. Roughly speaking,
metal-to-metal sliding wear can be called a wear regime where two metal surfaces
rubbing against each other, whether with or without lubrication. Since many wear
mechanisms and factors affecting the wear behavior may be involved, and
subsequently confused consequences may result, it is not really surprising to see
Rigney [6], a very knowledgeable and experienced tribologist in the realm of wear
investigation, humorously complain that, wear or sliding wear is more like a complex
jigsaw puzzle, where the pieces fit together here and there, but the overall pattern is
far from clear. Indeed, some of the pieces may be even temporarily assigned to the
wrong part of the whole picture [6]. Since many underlying factors are involved in
sliding wear, and a slight alteration of these factors may cause totally different wear
phenomenon, attempts have always been made by generations of tribo-investigators
to explore the real wear maps.
2
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1.2

Purpose of this research

Oxide layer can generate on the sliding surfaces of metallic counterparts when
oxygen is involved. As such layer formed on sliding surfaces plays an irreplaceable
role in reducing wear when two metals are rubbing against each other, the stability of
the oxide that has adhered would be a major concern if successive mild wear is
expected. This work focuses on the factors that may affect the stability and
maintenance of oxide film. This work is more relevant to ferro-based alloys such as
steel and cast iron, although that is not to say that other alloys like Ni-based or Albased alloy are totally inapplicable. The correlation between these factors is
discussed through examples selected from literature for clarification in the chapter of
LITERATURE REVIEW.

The purpose of this work is to further explore the mechanism of adhesion between
the oxide layer induced by rubbing and substrate metal during un-lubricated sliding
contact. Since some controversies do exist in literature concerning the oxide to metal
interface bonding during sliding wear, it is expected that novel thoughts and
phenomenon will be provided in this work.

1.3

Significance of this work

1.3.1

Formability and deformation of cast iron

Traditionally, cast iron has always been known as a material with low ductile
properties, due to its higher concentration of carbon and distribution of coarse
eutectic carbides and graphite, with various types of morphologies in the matrix. This
combination can, depending on where cast iron is used, provide a number of sites
where cracks can begin and then propagate.

Through conventional casting, interconnected networks of brittle eutectic carbides
dispersed in matrix can be produced in high chromium cast irons and therefore the
refinement of eutectic carbides is very important. As reviewed by Tabrett and his coworkers in an extensively cited paper [1], the finer, more globular carbides can be
3
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achieved by refining the coarse eutectic carbide structure in several ways such as, (1)
rapid cooling, through the use of chills or lower super heat, (2) alloying additions,
e.g. boron or rare earth (RE), (3) formation of other carbides types, e.g. niobium
carbide and vanadium carbide. Recently, Hanlon et al. in 1998 [7] reported that spray
forming is an effective method of refining the structure of coarse carbides, and thus
coarse interconnected eutectics can be avoided. It is noted that after refinement by
spray forming, it is found in Hanlon and co-workers’ experiment that the
performance of hot formability is remarkably improved. Figure 1.4 shows a
comparison of the macrographs of conventionally cast and spray-cast 17Cr high
chromium cast iron specimens after being forged at an initial temperature of around
950 °C [7]. It can be seen that the conventionally cast specimen has been heavily
cracked after forging with a reduction of 36%, while spray formed specimen showed
excellent resistance to cracking after being forged into half its original height. This is
said to be due to a refinement of eutectic carbide M7C3 field from 500 μm for
conventionally cast iron, to 2-8 μm for spray formed cast iron [8].

Figure 1.4 Macrographs comparing conventionally cast (a) and spray-cast (b) 17Cr
high chromium cast iron specimens after forging [7]

While Hanlon and co-workers found that the formability of cast iron with a refined
eutectic carbide structure through spray forming is superior to that from conventional
casting, Chang and Liu in 2006 [9] reported that the morphology and distribution of
eutectic carbide in a wear resistant chromium cast iron containing 5.75% Cr can be
improved, the activation energy of cracking can be elevated, and the generation and
development of cracks can be hindered by hot-compressing the cast irons into three
reduction levels (0, 20, and 40%).
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Most recently, Xie and co-workers [10] reported a novel casting method that can be
used to fabricate the high chromium cast iron as a core layer and low carbon steel as
outer layers together into one composite blank. Since the bonding interfaces between
the cast iron and low carbon steel are weak, a hot rolling process with many passes
was introduced so that a perfect metallurgical bonding occurred and a severe
deformation of the cast iron layer from 40 to 3.5 mm was also achieved at the same
time. Figure 1.5 [10] reveals the elements of diffusion near the interface between the
low carbon steel (LCS) and high chromium cast iron (HCCI). As Xie et al. reported
in his paper, the microstructure of cast iron layer was refined and significant
variations of carbide were obtained. In addition, the following work reported by
Xiong et al. [11] showed that high chromium cast iron and medium carbon steel
bimetal can be fabricated by a liquid-solid casting technology in an electromagnetic
induction field. In their study, the microstructure was significantly refined and the
electromagnetic stirring was thought to be key process resulting in this refinement.

Figure 1.5 EDS diagram of a hot-rolled specimen showing the diffusion of Ni and Cr
near the LCS-HCCI interface [10]

1.3.2

Significance of the present work

The nickel and chromium bearing cast iron obtained through a novel casting and
rolling technology and fabricated into a sandwich with low carbon steel, was selected
as the material to be tested in this study. This material would probably be a
5
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promising candidate for future manufacturing applications as cast irons that can
readily be formed and thus has wider applications within engineering, unlike
conventional cast iron.

Chromium bearing cast iron is often considered to be an excellent candidate in
service where high wear resistance is required, due to the presence of hard eutectic
carbides that is beneficial to obtaining a high abrasion resistance, and to the presence
of proper (not too much) content of chromium or nickel in matrix facilitating a stable
protective tribo-oxide layer formed on the substrate, lowering the wear rate. This
study is the first to investigate the oxidational wear behaviour during un-lubricated
sliding, for a cast iron obtained through bimetal forming and subsequent hot
deformation using Gleeble 3500.

1.4

Outline of the thesis

The thesis is composed of six chapters and a bibliography of cited references. A brief
introduction to each chapter is listed below.

Chapter one gives a general introduction to the definition of sliding wear and its
wear mechanisms through several pictures selected in literature, so that one can be
more straightforwardly gain a clear view of what happens in un-lubricated metalmetal sliding wear. Several sliding wear testing rigs are also introduced. These
apparatus are very often seen in literature to investigate the regimes of sliding wear.
Furthermore, the purpose and significance of this research is proposed.
Chapter two is a literature review associated with the prevalent opinions advised in
literature on the adhesion between the oxide plateaux formed and the metallic
substrate during un-lubricated sliding wear. Although conflicting positions on this
question may be selected in this review, the aim of thinking of the stability and
maintenance of oxide rubbing-induced on the substrate from varying perspectives
will hopefully be realised in this chapter.

Chapter three briefly introduces the main experimental apparatus used in this study.
6
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They are the necessary devices required to study the phenomenon that occurs in
sliding wear.

Chapter four is the material preparation section of this thesis, that examines the
microstructures of the samples that will be tested in un-lubricated unidirectional
sliding wear experiments.

Chapter five is an experimental chapter where the results of a sliding wear test for
the composite used in this thesis are presented. The differences in the trends of
displacement of pin as a function of time are discussed. This chapter is more relevant
to chapter two as the adhesion of oxide layer-metallic substrate interface is discussed
and the opinions proposed on this phenomenon are examined.

Chapter six further examines the relationship between the formation and
development of the oxide layer rubbing-induced on the substrate, and the change in
the coefficient of friction at the oxide-substrate interface.
Chapter seven summarises the findings and conclusions in this thesis.

7
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CHAPTER 2

LITERATURE REVIEW

Protective oxide film plays an indispensable role in reducing wear during metal to
metal sliding contact, and its adherence to the substrate and the stability is a major
issue. In this chapter, the author specifically examines some views advised in
literature on the adhesion between the protective oxide layer formed during sliding
wear and the steel and cast iron substrate under un-lubricated tribo-system. An
attempt has been made in this review to correlate some of them in order to validate
and incorporate them into a broader sliding condition in some sections. Although this
review is more relevant to the steels and cast irons as tested materials during unlubricated unidirectional sliding conditions, other alloys such as aluminium and Nibased alloys would hopefully be associated to some extent.

2.1

Order of magnitude of wear coefficient of sliding wear

Before the factors affecting the stability of oxide layer formed on the metallic
substrate and the adherence to the substrate of this lubricating film are reviewed, it
would be necessary to gain a clear idea about the order of magnitude of wear loss
during sliding wear and how it ranks in terms of the severity of wear in some
prevalent wear modes. A synthetic picture shown in Figure 2.1 will, to some extent,
help us be conscious of the extent to which the material may loss in sliding wear.

First, it is necessary to clarify the definition of the wear coefficient k. As given by
Archard [12] in 1953 as a classic equation, the value of the wear coefficient k, is a
dimensionless quotient of the amount of volumetric wear WV times the hardness of
the wearing material H divided by the normal load FN and the sliding distance s [1214]. From this figure it can be concluded that although the wear coefficient in the
8
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severe range for sliding wear coincides with those for abrasive and erosive wear,
mild sliding wear possesses a relatively lower wear coefficient k, with a magnitude
of order between 10 ̶ 4 and 10 ̶ 7, nearly two orders lower than those for the other two
wear types indicated in this figure.

Figure 2.1 Values of wear coefficient k as a function of wear mode and wear
mechanism without lubrication [14]

With sliding contact between two metal surfaces in an un-lubricated system when
oxygen is in the atmosphere, the wear often tends to be mild since tribo-oxide film
may be partly or wholly formed on the surface/s of the sliding pair, which greatly
reduces the coefficient of friction (COF) and the wear rate [15-24]. This wear is
mostly called oxidational wear (or oxidative wear) in literature. Oxidational wear is
first reported as a wear regime in the wear realm by Fink in 1930 [25]. Subsequent
works were reported by Rosenberg and Jordan [26], and Thum and Wunderlich [27].
Recognition of this wear proceeded slowly until 1956 when Archard and Hirst [28]
gave definitions for mild and severe wear in their critical paper, thus indicating that
by separating from severe wear like adhesive and ploughing wear as reviewed in
Quinn’s paper [16], oxidational wear could be particularly directed as a type of mild
wear.

2.2.

Commonly used sliding wear rigs

In literature, the relative motion between these two counterparts mainly involves
reciprocating motion and unidirectional motion. Reciprocating motion occurs when a
9
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pin-like specimen is driven across a lower disc specimen, and unidirectional motion
occurs when the lower disc specimen is rotated [29]. Specifically, reciprocating
motion is usually found in machinery where relatively higher loads and lower linear
speeds are applied [16], while unidirectional siding occurs mostly in high sliding
speeds [30].

By taking the ball/pin-on-flat wear test apparatus as an example, the reciprocating
wear test method [31] utilises a ball as the upper specimen that slides backwards and
forwards against a flat lower specimen under a prescribed set of conditions. A load is
applied downward through the ball specimen against a flat specimen mounted on a
reciprocating drive mechanism. A typical schematic illustration of the rig is shown in
Figure 2.2 [31].

Figure 2.2 Schematic illustration of the reciprocating sliding wear test [31]

The study of siding wear is often carried out on a wear rig comprised of a static part
and a moving part. In the unidirectional wear test method, which has extensively
developed into multifarious types in literature, the author will present some prevalent
configurations as described in literature to introduce the general development of the
pin-on-disc rig. It should be mentioned that the change from one configuration to the
other will greatly influence the wear results [13].
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A pin-on-ring configuration is a type of testing system usually used to study sliding
wear. In 1967, Takeuchi [32] introduced the pin-on-ring rig indicated in Figure 2.3.
The conformity of the sliding pairs is shown in Figure 2.4.

Figure 2.3 Schematic illustration of the wear testing machine used in Takeuchi’s
experiment. 1 Stator; 2 Rotor; 3 fulcrum; 4 arm; 5 load weight; 6 counter weight; 7
test piece (stator) holder; 8 adjusting screw of contact surfaces; 9 load scale; 10 loadmeasuring position; 11 main shaft [32]

Figure 2.4 Conformity of the counterparts in the pin-on-ring rig employed in
Takeuchi’s experiment [32]

So [33] in 1996 employed a pin-on-disc apparatus shown in Figure 2.5, where the
disc is mounted on an upper rotating shaft and the pin will be fixed to a lower
stationary rod and vice versa [33]. This geometry is a typical pin-on-disc
configuration where a cylindrical pin specimen slides against a disc. As pointed out
by So, in this arrangement pin will wear more than the lower disc when they are
made from the same material, or if the hardness numbers of them are well at the
same order [33].
11
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Figure 2.5 Schematic illustration of the pin-on-disc configuration used in So’s
experiment [33]

Figure 2.6 Schematic illustration of the ball shaped pin-on-disc rig. F is the normal
force on the pin, d is the diameter of the pin or ball, D is the diameter of the disc, R is
the radius of the wear track, and w is the rotational velocity of the disc [34].

Moreover, a pin-on-disc apparatus with a ball-shaped pin is preferred by many triboinvestigators and, more often than not, is selected as the testing arrangement. Figure
2.6 [34] shows the basic schematic diagram of this geometry most often seen in
literature. In this study, wear testing was carried out using this configuration and a
systematic schematic diagram will be shown in Chapter 3.

2.3.

Review of the factors affecting the stability of oxide layer slidingstimulated on the metallic substrate

It is well accepted that the oxide layer or the so-called glaze plays a crucial role in
lowering the wear rate when oxidational wear occurs, by protecting the substrate
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CHAPTER 2 LITERATURE REVIEW
metal from direct rubbing contact with its wearing metallic counterpart [16, 18, 21,
23, 33, 35, 36]. The separation between the metals and their conformity of the metalto-oxide or oxide-to-oxide contact greatly reduce the coefficient of friction and the
frictional heat generated through rubbing [19, 23, 24, 33, 37, 38].

There are many factors dominating the ease with which such a tribo-protective film
forms between the two wearing surfaces of metal. They consist of the atmospheric
environment (e.g. oxygen partial pressure), the applied normal load and sliding
speed, the properties of the underlying materials (e.g. the phase, hardness, and
ductility), the type of oxide formed, and the average contacting temperature. Since
many constituents may be involved it would be not difficult to imagine that many
perspectives concerning the adherence of the oxide layer to the underlying substrate
have been proposed in literature. Farrell and Eyre in 1970 [18] suggested that a
hardened surface layer of substrate with sufficient hardness beneath the oxide film
should be achieved to give enough support for the protective film, prior to a
transition from running-in to equilibrium mild wear above T2 transition. The opinion
that such a support provided by a hard or hardened underlying substrate is beneficial
for both establishment and maintenance of the oxide plateaux being formed during
sliding rubbing, is repeatedly mentioned and strongly recommended by the following
researchers interested in oxidational wear, as proposed in [36, 39-44], for instance.
However, although still with respect to the substrate hardness, Saka and co-workers
[45] assumed that if there is no significant difference of hardness between the oxide
film of the order of 100 × 10-10 m thickness and the metal, a good adherence at the
interface will probably be obtained. Another prevalent explanation of why the
interface between metals is poor in some cases, is the mismatch of thermal expansion
between the oxide layer and the underlying metal [20, 41, 46, 47]. From the
perspective of the failure caused by contact fatigue, cracking would be another
potential event that might occur during sliding oxidational wear, making the interface
between the oxide layer and the substrate fail to effectively adhere together. Due to
repeated contact stresses that can be generated within compacted layers via sliding
rubbing, Jiang, et al. [48] assumed that it might be the cracking along the interface
that prompts the break-down and detachment of the oxide layer. A similar opinion is
favoured by several authors, documented in [49-53], especially for substrate steels
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and irons in the presence of second phases like eutectic carbides in matrix. As for the
influence of matrix of substrate, Vardavoulias felt that a martensitic matrix in the
absence of carbides is more supportive of α-Fe2O3 oxide film than that is softened in
the presence of carbide precipitation [21], while Wang, et al. [54] found that the
support of a tempered martensite and tempered troostite for oxide layers formed
during sliding at both ambient temperatures of 200 and 400 °C was stronger than that
of tempered sorbite, simply due to their higher hardnesses compared with that of the
later. Last but not the least, a combination of the normal load, unidirectional sliding
speed and oxygen partial pressure selected in the sliding wear test, should be a
decisive factor in determining whether a tribo-oxide glaze can be formed and well
maintained between two metal surfaces being rubbed together in order to meet the
requirement of mild oxidational wear. All mentioned above should be attributed to
the shear strength at the interface between the oxide film and the underlying ferrobased alloys as suggested by the researchers [24, 38]. The reason why this point
seems to be emphasised in literature is in that it is assumed that the bond strength at
the interface dominates the growth, critical thickness, stability, break-down and selfhealing of rubbing-induced oxide film, further ensuring the sustenance of mildoxidational wear [17, 24, 38].

In this review, attempt has been made to understand the relationship between these
views and to correlate some of them in a particularly selected sliding wear situation.
Most of the examples chosen here are from literature and the materials to be
discussed are mainly focused on steels and cast irons which have always been the
foremost candidates to be investigated and reported, because of their wide use in
application. The purpose of this review is to provide some novel points of view on
understanding the correlation between some sliding parameters in oxidational wear.

2.3.1 Support of substrate: hardness

As for those factors that determine the wear rate, the hardness of substrate is always
a significant one to be considered in situations where not only oxidational wear, but,
more essentially, wear occurs. As to oxidational wear, it is pointed out by Farrell and
Eyre [18] that a hardened layer beneath the oxide film with sufficient hardness
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should be attained before the wearing system comes into equilibrium mild wear if the
load applied is above T2. This attainment will ensure the oxide layer formed to be
supported and prevented from deformation which may cause removal of oxide
products. T2 is a transition at which the applied load is higher enough to shift wear
mechanism from severe wear to mild wear. This type of transition has been presented
and discussed in depth by Welsh in his extensively cited paper in 1965 [55], and
shown in Figure 2.7. Welsh treated the emergence of T2 as the steels being involved
in a self-induced quench-hardening process. His explanation was in agreement with
that proposed by Archard in 1959 [56] who believed that quench-hardening in the
steel (0.52% C) could be prompted by the applied load and sliding speed since he felt
that the α-γ transformation might occur based on his flash temperature theory.

Figure 2.7 Wear rate plotted against load for 0.52% C steel. Sliding speed 100 cm/s.
x, pin; ○, ring in Welsh’s work [55]
Furthermore, Welsh reviewed the work done by Rosenberg and Jordan [57] who
proposed that rubbing-induced oxide film on the surface in the presence of air, can be
supportive of steels of any hardness by avoiding severe wear coming into operation,
while the oxide film formed under a nominal oxide-free atmosphere gives protection
only when the steels are hardened and tempered to a considerably high hardness.
Regardless of the load and sliding speed in their test and, instead, taking into account
the disparity of oxygen partial pressure between the two testing conditions, some
points may be further explored. The reason why the steels selected in their tests could
be prevented from severe wear in air might be in that participation of enough oxygen
greatly enhances the rate of formation of oxide film. Although the oxide sheet could
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be removed when approaching its critical thickness, the self-regulating and selfforming mechanism will ensure that the rubbing pair are in a mild wear state [16].
However, it still cannot be inferred whether or not the oxide film well formed is
maintained since, as long as the interfaces of the steels are separated by oxide
lubricating film, the wear will be greatly reduced. Thus, the adherence of the oxide
layer to the underlying substrate is not clear from their results though the mild wear
always occurred regardless of the change of hardness of steels. Back to T2, Welsh
pointed out that this transition is not caused by the formation of oxide because the
same change could be produced in an atmosphere of alcohol vapour [55]. Hence,
based on the point that there is a hardening event involved to enable the realisation of
T2 as explained by Welsh, Farrell and Eyre [18] presented two conditions that should
be attained before the wear stage comes to equilibrium mild wear from running-in,
one of which was as mentioned at the beginning of this paragraph. In the experiment
conducted by Welsh [55], when a mild wear regime above T2 occurred, the oxide
plateaux adhered to the ring track, showing a dark appearance, could be observed.
Combined with the result found in his test that T2 can be depressed by increasing the
hardness of tested steels, the protection provided by the oxide layer stimulated by
rubbing for the tested steels can be enhanced by increasing the hardness of the
substrate steel. This, to some extent, shows that a harder or hardened substrate can
offer better support for the tribo-oxide film, thus getting a much lower wear rate. The
hardening effect can be seen in Figure 2.8. This result was reported by Wang et al.
[54] when studying the oxidational wear of the tempered troostite matrix with a
relatively high initial hardness number at an ambient temperature of 25 °C.

Figure 2.8 Change in micro-hardness away from the worn surface of the tempered
sorbite at an ambient temperature of 25 °C [54]
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As mentioned previously, Farrell and Eyre [18] assumed that with sufficient
hardness, the substrate can be more supportive of the oxide layer which will be less
deformed by this support. This point seems to be reasonably acceptable since the
oxide products, e.g. Fe2O3 and Fe3O4, are very brittle by nature [48, 58] and cracking
would readily occur. When the brittleness of oxide is taken into consideration, the
result found in Rosenberg and Jordan’s work that, under a nominal vacuum, steels
with low hardness rather than high hardness cannot support the oxide probably
attributes to the low capability of oxide to bear relatively large deformation with soft
steels, and thus a brittle failure of the oxide brings about. However, when the steels
are hard, the deformation near the sub-surface is comparably small, and thus such
surface is able to provide support for the brittle glazed layer.

As for a steel or cast iron, the number of hardness can be determined by the nature of
material, e.g. composition, heat treatment prior to rubbing wearing, the wearing
ambient temperature, the process during which the materials are being rubbed and
consequently strain-hardened, and even phase transformation induced by strain or
frictional heating during rubbing. As a typical example with respect to strain
hardening, austenite would readily strained hardened to a relatively higher hardness
due to its excellent ductility [59]. As a result, the wear resistance of alloys with a
predominantly austenitic matrix can be upgraded much more than those with
martensitic or pearlitic matrix [59]. In an unpublished work by the present author, a
dry uni-directional sliding wear test was carried out between the disc material of 4.8
Ni-1.5 Cr cast iron alloy and ball-shaped pin counterpart made from high chrome
ball. When the disc with almost retained austenite in the matrix was tested at a
sliding speed of 78 mm/s under a load of 40 N instead of 20 N, a negative wear
response occurred on the wear surface. However, the disc with a great amount of
martensite in the matrix obtained through air-quenching after hot rolling at around
1050 °C failed to obtain similar response, although the number of its original
hardness (around 460 HV10) was almost twice that with a matrix retained austenite
(around 260 HV10). The reason why negative wear response occurred is in that a
steady growth of oxide plateaux in height together with a breaking-down was
operating during rubbing between the cast iron and the high chrome steel, which was
confirmed by observation through a scanning electron microscope (SEM), and an
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optical microscope (OM). For the disc with retained austenite matrix, the microhardness of the surface underneath the oxide plateaux was measured to be 750-950
HV25g, implicating that the sub-surface was extensively stained hardened as a result
of plastic deformation of near-surface substrate. If the other factors that might
promote the support of substrate for the oxide layer are set aside, the stain-hardening
effect could take some credit for stabilising the oxide layer to grow to its critical
thickness beyond which it spalled off. Here, one should be evoked that there is an
question raised by Quinn in 1980 to the effect that “whether a phase hardened layer,
believed by Welsh to be essential for the oxide to be protective, exists beneath
Quinn’s thick oxide film or, if not, whether one existed during initial sliding before
the growth of the film to a thickness which is possibly protective even on a soft
substrate” [60]. From this situation, although the case mainly concentrated on strain
hardening rather than phase hardening, it can still be confirmed that a hardened layer
would be necessarily developed and does work well if the protection for an oxide
layer being successively growing on a soft underlying substrate is desired. With
reference to phase transformation, α-γ transformation is a common one that is usually
mentioned in literature [13, 32, 35, 41, 43, 56, 61-64]. If the substrate contains an
extensive amount of austenite metastable in the matrix, it would also be possible that
austenite transforms to martensite during sliding if the surface temperature is
sufficiently high and the surface is rapidly cooled to quench the sub-surface and γ-α'
transformation results [56, 65].

Furthermore, Venkatesan and Rigney [65] particularly stressed that the possibility
exists that the hard brittle oxide produced in the period of wear may penetrate and
mix with the base material to further enhance

hardening effect and make the

substrate more supportive, given that oxygen is sufficiently provided. This aspect
often seems to be neglected in literature in recent investigations on sliding
oxidational wear. It is also worth noting that this response may be further intensified
with the aid of a relatively gentle plastic deformation.

2.3.2 Mismatch of thermal expansion
To explain why the oxide layer fails to build up or break down at its critical thickness
of oxide layer, mismatch of thermal expansion between the oxide layer and steels or
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cast irons underneath has been proposed from time to time in literature, e.g.
Deadmore et al. in 1977 [46], Naka et al. in 1977 [45], Lee and Eliezer in 1984 [20],
Vardavoulias in 1994 [21], Lim in 2002 [41], Rodenburg and Rainforth in 2007 [66].
As assumed by Deadmore and Lowell [46] and consequently reviewed by Lee and
Eliezer [20], expansion in the volume of the substrate adjacent to the ion-diffusioninduced protective oxide film may not be necessarily synchronised with the growth
of oxidised metal. This is usually called a mismatch between the oxide scale and
metal, which is caused by a difference in the coefficient of thermal expansion when
they are expanding locally, induced by the elevated surface temperature and
chemical reaction. The mismatch stress of thermal expansion is given by [46]:
σox = EoxΔT(αox-αm)

(2-1)

where σox is the thermal stress at the interface between the oxide scale and metal, Eox
is the elastic modulus of oxide, ΔT is the difference between the oxidising
temperature and the temperature at which the oxide is cooled and αox and αm are the
coefficients of thermal expansion of oxide film and metal respectively [20, 46]. It is
believed that there is a critical thermal stress within the oxide layer, beyond which
the protective film will become unstable and break down within the oxide layer or
the oxide-metal interface. However, if the mechanism proposed by Quinn [17] that
the development of oxide plateaux is controlled by the diffusion of oxygen ions into
and/or the diffusion of metal ions out of the metal, and the mechanism developed by
Vardavoulias [21] that new oxide plateaux are formed at the oxide-metal interface
and advances to the detriment of the metallic substrate are both true, the thermal
expansion explanation deserves to be questioned and further discussed. It is reported
that the critical thickness of oxide film does exist and the film is usually break off at
its critical thickness [5, 6, 15, 30, 54, 67, 68]. Furthermore, it is well accepted that,
especially under normal oxygen pressure, the oxidation reaction occurs with initial
passes [24], and the development of oxide plateaux in height often obey the parabolic
law [15, 69]. As a supplement, Quinn also suggested a logarithmic law, and a linear
law which would be more applicable to a condition when the oxide film is still very
thin at the initial stages of oxidation [16], while Wilson and his co-workers advised
that the linear law is more applicable to the low oxygen pressure (<10-1 Pa) [24].
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As given by Quinn [16], and based on an assumption of parabolic law, the effective
thickness of oxide with time, rubbing-induced during sliding, can be expressed as:
1 1

𝑓𝑜 𝜌𝑜 𝜉 ′ = 𝑘𝑝 2 𝑡 2

(2-2)

where 𝑓𝑜 is the mass fraction of the oxide, 𝜌𝑜 the average density of the oxides

formed at the real areas of contact (kg m-3), 𝜉 ′ the total effective thickness of oxide
formed on the real areas of contact during the time (to is the time of an established

equilibrium wear rate during a wear experiment), 𝑘𝑝 the parabolic oxidation rate

constant [15] which is exponentially dependent on the temperature of oxidation (T0),
expressed as:
𝑘𝑝 = 𝐴𝑝 𝑒 −𝑄𝑝⁄𝑅𝑇0

(2-3)

where 𝐴𝑝 is the Arrhenius constant for parabolic oxidation, 𝑄𝑝 the activation energy

for parabolic oxidation and R the gas constant. Back to Eq. (2-2), t is the time (s).

As to the linear law, the equation of this law, as proposed by Quinn, can be expressed
as:
𝑓𝑜 𝜌𝑜 𝜉 ′ = 𝑘𝑙 𝑡

(2-4)

where the meanings of 𝑓𝑜 , 𝜌𝑜 , 𝜉 ′ and t are as the same as those in Eq. (2-3), 𝑘𝑙 is the

linear oxidation rate constant.

Figure 2.9 [24] shows a schematic representation of thickness of oxide film as a
function of time. It can be seen that if the parabolic law is functioning, the growth in
height is much faster at the beginning of the formation of oxide film and decreases
significantly as time elapsed. Interestingly enough, some pointed out that the heat
may be not readily dissipated in some cases when the substrate is covered with oxide
film due to low thermal conductivity of the film [19, 56]. If so, the un-dissipated heat
and the heat generated during the following passes will cause an increase in
temperature at oxide-substrate interface, which will lead to a greater thermal stress at
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the interface. Once the thermal stress is in excess of the critical value, the bond
becomes unstable and cracks occur, leading to a subsequent break-down of oxide
protective film. However, if not, the situation may change. Given that the frictional
sliding system is free from external heating, the heat generated, developed and
diffused should be all from frictional behavior. As the heat generated from the
rubbing surfaces is predominantly dissipated into the metallic substrate [70, 71], the
thermal stress, which is a function of the increment of temperature at in oxide-metal
interface as indicated in (1), will also develop. If the growth in height of the oxide
plateaux is consistent with the parabolic law, the increment of temperature (ΔT) at
the interface between the oxide film and the substrate would probably be reduced by
the dissipation of heat. Here, it is worth noting that, as found in Lee and Eliezer’s
experiment [20], the difference of the critical thickness between Fe-3%Si Steel and
Invar is significant (6 μm for the former and 22 μm for the latter). They explained
this difference in terms of their significant discrepancy in the coefficient of thermal
expansion (10.8×10

̶ 6

K

̶ 1

for Fe-3%Si steel and 0.13×10

̶ 6

K

̶ 1

for Invar,

respectively), compared to Fe2O3 (9.9×10 ̶ 6 K ̶ 1). However, the shear strength of the
frictional interface between the hard steel and rock salt is several times higher than
the shear strength of rock salt itself, and thus significant adhesion takes place
between the two surfaces, as stressed by Wilson et al. [24, 72], the adhesion strength
between the oxide layer and Fe-3%Si Steel and the Invar substrate would be
excellent. The stress induced by a disparity in the coefficient of thermal expansion
between the adherent oxide scale and substrate would probably not be a major
incentive for the detachment of oxide caused by ‘rubbing coating’. If so, the early
arrival of break-down of the oxide film for Invar might be interpreted as the
passivation effect of a high percentage of Ni in the Invar. It is well known that Ni is a
very corrosion-resistant element and is readily react with oxygen to form a dense and
thin protective oxide film preventing further oxidation and corrosion of the substrate
metal. This passivation effect is similar to that of surface oxidation for steels [58],
especially with the participation of Cr [73]. Thus, a spalling off of the oxide film may
be attributed to other failure mechanisms such as fatigue or adhesion shear rather
than failure caused by critical thermal stress. Furthermore, as predicted by classic
parabolic law, the oxide plateaux only grows up rapidly at the beginning and slows
down the development rate in height considerably over the subsequent period of
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growth. This also helps the early arrival of fatigue, leading to the nucleation of
cracks at the interface as well as on the surface of the oxide plateaux. This is thought
to be generated from a mismatch of thermal expansion between the oxide formed and
substrate material.

Figure 2.9 Schematic representation of oxide thickness as a function of time for
linear law (a) and parabolic law (b)

2.3.3 Effect of cracking
The nucleation and development of cracks between oxide films and substrate steels
and cast irons would probably be another mechanism resulting in instability in the
oxide scale. It is assumed that a reduction of fatigue cracking in the sub-surface and
thermal shock at the metal-oxide interface, improve the wear rate while lowing the
ambient temperature under a given load, as the probability of a more stable and
thicker attachment of oxide would be increased [53]. Besides, it is also proposed that
any small cracks enlarging within oxide layer cause a reduction in the shear strength
of this protective layer, and thus brittle failure results [23, 74]. The cracking event
may occur beneath the oxide film in the subsurface of the underlying metal, at the
interface of oxide scale and substrate, within the oxide layer or on the surface of the
tribo-protective film. First, for cracking events occurring in the subsurface, the
rubbing surface may be under high stress (under high load) which triggers relatively
severe plastic deformation for nucleation and propagation of cracks [2, 75, 76]. Such
nucleation and growth, in sliding wear, are often found near the sites such as
inclusions [2, 45], graphite [32, 36, 62, 77-79], carbides [50, 52, 64, 80] and so on.

Taking eutectic carbides (EC) as an example, this type of phase is more usually
found in cast iron, say, high chromium cast iron as an example, which is traditionally
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believed to be an excellent wear resistant material during service [1]. A typical case
of eutectic carbides cracking is given in Figure 2.10.

Figure 2.10 Eutectic carbides cracking underneath the oxide layer in a 1.5Cr-4.8Ni
cast iron after slid with high chrome steel under 40 N and 78 mm/s for 7.5 min (a)
and EDS mapping (b) (sample was etched with Nital (2%) to reveal the EC cracking)
However, it was reported respectively by Jacuinde and co-workers [50], and Correa
and co-workers [52] that the cracking of the eutectic carbides plays a role in
destabilising the surface of substrate, leading to a detachment of oxide film adhered
to the substrate, by studying the sliding wear response of a 16.8%Cr and a 16%Cr
high chromium cast iron. Jacuinde et al. [50] also found that the wear loss can be
lowered by adding Ti and they interpreted this as a formation of small and hard TiC
particles distributed in the matrix strengthening the substrate, lowering the extent of
plastic deformation and cracking. Besides, Correa et al. [52] reported that when
boron was added into the matrix, the wear resistance was enhanced by approximately
40 %, and they felt that it was the micro-structural refinement of the carbide phase
improved by adding boron that improves the cracking resistance of carbide. The
effect of cracking in the subsurface metal causing the destabilisation of the oxide
layer formed on the substrate seems to be interesting. According to a developed
mechanism for the formation of oxide layer proposed by Vardavoulias [21] based on
Quinn’s oxygen and iron ion diffusion theory [17], the oxide proceeds its
development towards substrate metal by ion diffusion and at the same time can grow
around the carbides dispersed in the subsurface matrix, provided the carbides
themselves are inertia to oxidation [21, 66]. This process is briefly illustrated in
Figure 2.11, as given by Vardavoulias.
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It is well accepted that, although with a very high hardness number, the eutectic
carbides are readily cracked, especially under higher stress, due to its brittleness [1,
81]. Thus, if the substrate is under a higher plastic deformation caused by a relatively
high load applied onto the oxide being under growth, the eutectic carbides are
subjected to extremely high stress, leading to a nucleation of cracks. The ease with
which the cracks promoted between the interface of matrix and eutectic carbide is
mainly determined by the fracture toughness of the substrate and support provided by
the matrix. If the carbides are readily to be micro-cracked, coherence between the
oxide that has been formed and that is being under growth around the carbides would
be negatively influenced. Therefore, the oxide-substrate interface is destabilised and
the oxide becomes unstable.

Figure 2.11 Brief process of the formation of oxide in the presence of second phase
in the matrix, as suggested by Vardavoulias [21]

Generally, the cracking events in subsurface often occur when the substrate is subject
to relatively severe plastic deformation induced by higher normal loads and relative
high sliding speed [45], and then severe oxidational wear usually dominates [82]. It
is also assumed that cracking events may occur between the oxide-substrate interface
24

CHAPTER 2 LITERATURE REVIEW
[48] and the surface of the oxide layer. However, to the present authors’ knowledge,
the cracking at the interface as discussed here is more adaptive to the situation where
an oxide glaze is formed by oxide debris comminution, agglomeration and
compaction. According to diffusion theory, the lattice of substrate metal has to be
accommodated with the expansion and growth of oxide since it is reported that the
molar volume of oxide, say α-Fe2O3, is 2.14 times higher than that of the metallic
iron [21]. The cracking in the subsurface, thus, can be discussed specifically for
rubbing-diffusion induced oxide film. One situation is that, as has been reported
recently [83], if the friction shearing is too low to cause any significant plastic
deformation in the subsurface, it may be inferred that the cracks are just formed in
the oxide layer by shearing and the underlying material is totally free from cracking.
As for cracking events occurring on the surface of oxide film or just within the oxide
film, this case would mainly be attributed to the fatigue mechanism having been
involved in the wear system [16]. Quinn assumed that this is due to the fact that the
oxide plateaux formed on the substrate contact and rubber with their counterparts
intermittently, leading to periodic or aperiodic thermal stress during rubbing [16].

It is noted that if a load higher enough is applied, some interesting effects for
cracking events may also arise. It is pointed out by Stott [23] that, prior to
enlargement, the micro-cracks initially generated could be healed out under high
contact pressure. After that, the cracks re-enlarge and act more effectively as stressraisers as the contact pressure is decreased due to the growth of junction. Eventually,
the shear strength of the plateaux becomes poor and the oxides break down due to
their brittleness. Moreover, the formation of cracks may accelerate the establishment
of oxide. It is found that a severe surface damage will result with the formation of
surface cracking [79]. Also, it has been frequently reported that the critical thickness
of oxide film is increased with load [38, 49, 50, 64, 83]. Further, Lee and Eliezer
reported that the duration needed to shift the negative wear (oxide film is growing
during this period) to positive wear is inversely proportional to the load [20].
Certainly, it is by no means to be doubted that a higher load applied will bring about
more frictional force and energy transmitted to the matrix through the hard oxide
film during rubbing, resulting in plastic deformation underneath and an accelerated
rate of oxidation which would help generate a thicker oxide layer and/or a shorter
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period needed for growth of oxide to reach its critical thickness [51, 84]. However, it
would also be reasonable to remind that the formation of cracks generated in the base
material may also contribute to the build-up of the protective oxide film. This may
account for the faster diffusion of oxygen ion and transport of oxygen through cracks
developed in the oxide layer and the subsurface [58, 60, 85, 86]. Recently, extensive
research work has been done by Wang and his co-workers to investigate the
oxidational wear behaviour of H21 steel [87], hot-working die steels [5, 88] and cast
steel [54], respectively. It is revealed in all of the work they did that double, multiple
or even mixed oxide layers were formed on the wear tracks under various loads,
sliding speeds and ambient temperatures. One example of their work is illustrated in
Figure 2.12.

Figure 2.12 Longitudinal section morphology of the worn surface of the cast steel
with a tempered sorbitic matrix under 300 N and 400 °C [54]
This situation is more likely to occur under higher contact pressure as more cracks
would be readily nucleated and propagated in the substrate steels for oxygen more
directly entering into the base material, thus accelerating the oxidation rate.
However, the wear resistance would not necessarily be improved because a highly
plastic deformed substrate is always considered to be detrimental to providing a good
support for oxide sheet [50]. The second reason is that the oxide film is a very brittle
substance and would fracture under high stress. Furthermore, it seems that a substrate
of steel with a relatively higher content of Cr is more resistant to oxidational wear
under higher loads since passivation effect may apply so that the damage of oxide
film will be significantly lowered in that less amount of oxide produced from base
iron will be brittlely fractured and worn away from the surfaces.
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2.3.4 Effect of alloying contents, matrix, carbides and alloying additions
2.3.4.1 Effect of content of C
The content of carbon in steels and cast irons often essentially determine the sliding
wear resistance since it is said that an increase in C content can be automatically
associated with a development of bulk hardness through an appropriate heat
treatment [55]. A higher bulk hardness of base metal is naturally thought to be more
supportive of the adhesion and advancement of oxide. It was found that the critical
load of T2 is generally inversely proportional to the percentage of carbon in steels, as
shown in Figure 2.13 [55], from which it can be inferred that steel with higher C
content would be more readily hardened during the initial stage of rubbing,
irrespective of other factors.

Figure 2.13 Variation of the T2 and T3 transitions with carbon content for steels of
roughly constant hardness (Sliding speed: 100 cm/s; %C: 0.12, 0.34, 0.52, 0.78,
0.98; V.p.n.: 141, 205, 212, 197, 216) [55]

However, too much C in steels or cast irons may cause an extensive amount of
carbides un-dissolved in the matrix, which are detrimental to the resistance of fatigue
of the rubbed surface, as suggested in [89]. For those associated with graphite in
matrix, it is also advised that a little less amount of flake graphite in a cast iron of
pearlitic matrix is more wear resistant [90] since it is believed that a matrix in the
presence of too much flake graphite may cause less opportunities for frictional
27

CHAPTER 2 LITERATURE REVIEW
interaction due to the lubricating effect of graphite and a subsequent reduction in
frictional heating which is fundamentally important to the formation of an oxide film.
Moreover, So carefully studied the oxidational wear behaviour of several alloys,
including medium and high carbon steels, cold forging die steel and AISI 4140 steel
as the pins rubbed against discs made from AISI 4340 steel, and medium and high
carbon steels [38]. When comparing the variation of wear rate under 1.1 MPa and
19.8 N for die steel with high and medium carbon steels, it is found that the transition
speed from severe wear to mild wear regime of high carbon steel is slightly lower
than that of medium carbon steel, which is in agreement with Welsh’s result [55]. It
is also found that no T2 transition was indicated in So’s paper, and the wear
coefficient is sufficiently higher comparing with the former carbon steels. It is noted
there is a significantly high percentage of Cr in die steel, whereas there is no Cr
additions added in medium and high carbon steels. Here, assuming that no
disadvantage would be brought about if more Cr is in presence in steels or cast irons,
leading to a highly oxidised-resistant surface, whose effect will be discussed later,
there may be more carbides in die steel than that in carbon steels due to its high Cr
and C contents, which are carbides forming elements. This difference may cause an
indispensable change in rubbing fatigue caused by eutectic carbides cracking
tendency beneath the oxide layer being formed among these steels. Therefore, a
substrate prone to cracking would be harmful for stabilising the oxide-metal
interface.

2.3.4.2 Effect of content of Cr

An increased content of Cr in an iron solution improves the oxidation resistance. In
terms of sliding wear, it is found that the running-in coefficient can be decreased
profoundly by adding 3% Cr in steels [18]. The running-in coefficient can be simply
explained as a quantitative measure of the ease with which running-in is
accomplished [18]. A low value of this coefficient roughly represents that a longer
sliding distance would be needed to shift to equilibrium mild wear. It is further
shown that, quantitatively, the running-in sliding distance is doubled for steels with
3% Cr and 0.28% C compared with a 0.3% C plain carbon steel without the addition
of Cr [18]. An independent experiment for the same steels carried out by Eyre and
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Maynard [91] showed that an additional 2% Cr makes the oxidation rate of these
steels remarkably lowered compared with steels with only 1.0% Cr as a reference.
This influence can be further confirmed by the result in Welsh’s work, where the T2
transition will be upgraded to 15-17 Kg for 0.33% C-3.2% Cr-0.42% Mo steel
compared to 0.315% C-1.09% Cr steel whose T2 is only slightly moved and for
0.34% C, as a reference. However, it is generally accepted that there would be
marginally additional effect brought about by adding too much Cr, which means the
content should be confined to moderate quantities [18]. It is noted that, for Cr-rich
alloys, the final values of the coefficient of friction for steels may tend to coincide
with each other as proved in Wilson and co-workers’ study [24] where they found
that the coefficient of friction (COF or μ) for Fe-4.9% Cr alloy dropped dramatically
in the initial stage of unidirectional sliding at 7 × 104 Pa oxygen between 100 mm
and 1000 mm to approximately 0.65, whereas those for Fe-9.2% Cr and Fe-19.2% Cr
generally declined in a slightly more moderate slope to roughly the same value of
COF from 100 mm to 10000 mm before the equilibrium sliding wear was reached. It
is well known that Cr can significantly improve the surface oxidation resistance for
metal by forming a thin and dense oxide film as the growth rate of Cr2O3 is much
slower in chromium-rich alloys than that in iron-rich alloys [23]. Apart from
conforming the sliding pairs, another aim of running-in, as mentioned above, is for
the onset of oxidation and formation of the oxide film to a certain thickness [16, 18],
and lowering the coefficient of friction and wear caused by metallic contact [19, 24,
37].

Interestingly enough, it was reported by So [38] that the oxide film formed on the die
steel substrate (containing 11-13%Cr) is observed to be even thicker than that formed
on high carbon steel without Cr. So gave an interpretation in terms of an existence of
possibility of arbitrary selection of pictures taken of the longitudinal sections of the
materials. However, more clues would be further explored since the phenomenon
that more metal can be oxidised and maintained on the Cr-rich die steel is still quite
peculiar. It is worth noting that the sliding speed (2 ms ̶ 1) and equivalent applied load
(78.4 N which is equivalent to 4.4 MPa) were both relatively high. Besides, again
with a high percentage of Cr, it is noted in Rainforth and co-workers’ work that only
an intermittent and thin oxide film was observed for a 17% Cr white cast iron as a
29

CHAPTER 2 LITERATURE REVIEW
tested material, when the loads were lower than 91 N beyond which the surface was
coated with a uniform oxide sheet [49]. It should be noted that there is a similarity
between So’s result and Rainforth and co-investigators’ result that the applied loads
and sliding speeds under dry unidirectional sliding condition at room temperature
(78.4 N and 2 ms ̶ 1 in So’s experiment, and 91 N and 1 ms ̶ 1 in Rainforth and coworkers’ result) were both comparatively high. These selections will definitely
produce a surprisingly high frictional heating which will retain the contacting
temperature retaining at a high level. It has been shown that the extent of retardation
of passivation effect for equilibrium mild oxidational wear resulted from the addition
of Cr may be weakened at high temperature range, although it is not as explicitly
discussed as expected by Farrell and Eyre [18]. Another proof that can further
confirm the relatively high surface temperature is the type of oxide product, since it
is found that FeO is formed on the die steel surface rather than Fe2O3 or Fe3O4. It has
been extensively reported that, for steels and cast irons, FeO would be only formed
when the contacting temperature was high (greater than 500 °C reported by Quinn
[15], about 600 °C by Quinn [17], over 280 °C by So [38], 570 °C by Stott [40], for
instance) whereas Fe2O3 can even be detected when the rise of temperature is
assumed to be negligible. Back to So’s result, he felt that more oxide products than
imagined can be created by elevating the mean surface and the flash temperature
which is helpful for accelerating the oxidation rate. It was also indicated that the
wear rate jumps surprisingly when the sliding speed was beyond 2 ms -1 with a rather
steep slope of the ratio of wear rate increment and speed increment, demonstrating
that the die steel is less oxidational wear resistant than the others. So thought it is the
softening effect caused by a high surface temperature that eventually results in the
weakening of oxide-metal interface and the subsequently higher wear loss. It would
be necessary to point out that this softening was said by Hanlon et al. [92] is
originated from the decomposition of retained austenite or transformation of
martensite to ferrite structure with carbides. It can be concluded that a more oxidised
product or a thicker oxide layer does not necessarily mean that they are more
protective for the substrate, especially for FeO as the raw material of the tribo-film,
as it is a more plastic oxide type among the three oxidation products of iron [58] and
would readily be deformed together with the substrate.
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Similar results and conclusions were more recently found and proposed by Wang and
his co-workers, by studying a series of steels including H13 steel, H12 steel and cast
steels, etc. Wang et al. [5] reported that the so-called double-layer oxide scale was
observed for some cast steels and H21 steel instead of H13 steel under 100 N and 1
ms ̶ 1, and an ambient temperature of 400 °C, and again a severe oxidational wear
with high wear rates is accompanied. They thus mocked the formation of such a
double-layer oxide cover as an omen for severe wear instead of an onset of mild
oxidational wear where a healthy single layer was generated, as commonly expected.
A marked difference between So’s experimental result and Wang and co-workers’
experimental one is that massive oxide can be produced on Cr-rich steel substrate
(die steel with 11-13%Cr) instead of high carbon steel, while an extensively oxidised
substrate in the form of double layered oxide film can be formed for relatively Crpoorer steels like H21 steel (2.52%Cr) and cast steel (3-5%Cr) instead of H13 steel
(5.34%Cr), though they coincidently assumed that these steels were experiencing a
severe oxidational wear process. The following studies were also carried out for
similar steels by Wang and various co-workers, and the results were well consistent
with their previous conclusions. Also, in the further studies, he also speculated that
this severe oxidational wear should be attributed to a softening of the matrix of the
substrate [54, 88]. From So’s

[38] and Wang and his co-workers’ [5] results,

therefore, it would be deduced that there is no correlation between the content of Cr
in ferrous alloys, and the onset of an extensively oxidised metal surface with a
thicker oxide film or in the appearance of the so-called double layer oxide film at a
higher surface temperature, regardless of the source of the temperature (either
sliding-induced or externally applied) since the influence of Cr will be retarded by
increasing the nominal real contacting temperature which will greatly enhance the
oxidation rate, and the wear rate will mainly contribute to the softening effect of
substrate, and the type of oxide products, e.g. FeO.

The similar effect is associated with alloys with Ni added since Ni is also an element
which reacts more slowly with oxygen than iron does. For example, it is noted that
the critical film thickness was reported to be 6 μm for Invar (Fe-36%Ni) whereas that
for Fe-3%Si steel can reach 22 μm [20]. It was formerly interpreted as them being
thermally expanding at different coefficients for these two materials which determine
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the difference of critical thickness of oxide film. It is assumed that the contribution of
a higher content of Ni in Invar resulted in a much thinner oxide layer than Fe-3%Si
steel. Interestingly, it is reported that slightly more Ni would improve the ductility of
wear debris produced during initial sliding period [93]. In Glascott and his coworkers’ investigation, it was found that the Rex 535 alloys with relatively lower Ni
contents have a more rapid transition from severe wear to mild wear compared to
M152 alloys with only an slightly more amount of Ni (1-2%) than that of the former.
This difference is thought to be that the wear debris is more ductile and would not be
readily comminuted and compacted into a dense oxide layer for M 152 alloys with
more Ni. More details of Ni might be discussed when the Ni-based alloy is the
objective substrate to be studied [23, 48].

2.3.4.3 Effect of matrix

There still exist some controversies on whether the matrix of substrate plays a role in
oxidational wear. By studying 1080 and 52100 steels, Wang and Lei [94, 95] found
that there was no obvious difference in the transition of wear mechanisms and wear
loss caused by varying microstructures. However, a following work studying the
same materials reported by Wang and co-workers [96] showed that the thermal
stability, resistance to plastic deformation, and resistance to nucleation and
propagation of micro-cracks of substrate microstructures were considered. More
recently, Cui [51] and Wang, et al [5, 54] reported some new mechanisms of severe
oxidational wear and further clarified the influence of the matrix by studying some
cast steels and die steels. Indeed, the oxidational wear resistance is totally different
from, say, abrasion wear resistance which is directly affected by the nature of metals
to be abraded and the abrasives involved. Rather, it is more relevant to the properties
and maintenance of oxide film formed on the underlying alloys as long as sufficient
support is being provided for the thin protective layer, even though the substrate is
poor at resisting microcutting and adhesion wear [36]. However, this does not mean
that the role of base material in oxidational wear could be neglected. The
characteristics of substrate in this type of corrosive wear, should be particularly taken
into account when the rubbing system has been changed into sever oxidational wear,
where, say, severe delaminated oxidational wear is operating, the rubbing surface is
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hard enough so that the substrate has been affected by softening caused by heating
stimulated by heat diffusion from the thermally conductive-poor oxide layer, the
sliding rubbing is being taken at elevated temperature, or hardening is occurred if the
matrix of base material with a relatively low hardness is originally ductile, etc. To be
more explicit, the properties of the underlying material can be changed only in the
initial sliding contact cycles [94], and the thickness of the sub-surface that might be
affected is usually in the order of μm, regardless of the way the substrate is affected,
e.g. mechanically, thermally, or in terms of phase stability. Thus, it is the thin
subsurface layer sliding affected, rather than the bulk metal, that is intimately
associated with the oxidational wear behavior. The study on the oxidational wear
response of the ferritic matrix has been well documented in literature, and it is often
discussed in literature in comparison with other matrices such as pearlite and
martensite. Kawamoto and Okabayashi [97] found that the wear rate of a cast iron
with a fully ferrite matrix was well in excess of that with approximately 50% ferrite
in matrix and that with a fully peralitic matrix in a wide range of sliding speeds of 18 ms ̶ 1 under a constant load of 5 kgf (49 N). In addition, they felt that the oxidation
rate during sliding was even lower than the wear rate, given that the loss of mass can
be compensated by oxidation, as they failed to observe any surface oxidation for
ferritic irons at sliding speeds ranging from 1 to 6 ms-1. This result was supported by
Venkatesan and Rigney’s research [65] when they studied the sliding wear of plain
carbon steels. They found that Fe3O4 was formed at low temperatures and grew faster
on pearlite than ferrite, and they considered this result in the perspective of grain
boundary diffusion for continuous growth. At the same time, investigations were
carried out using dual phase steel which contains ferrite and martensite as the matrix.
Through varying the volume fraction of martensite from 42 to 72% in dual phase
steel, Tyagi et al. [98] found that the wear loss for dual phase steel containing 72%
martensite was always the least for a given load and they suggested that it is due to
the higher hardness of dual phase steel with 72% martensite in replace of certain
amount of soft ferrite in matrix that provides more support the thicker transferred
oxide to be compacted into a firm protective layer. Another reason was a reduction in
the real area of contact resulting from the increased hardness of substrate. The same
explanation can be found in Abouei and co-workers’ research on the same steel [42].
A conflicting result was advised by Tekeli and co-workers [99]. They found that a
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dual phase PM steel was more oxidational wear resistant and they attributed this to
the excellent ductility of dual phase steel because of its low amount of martensite.
This seems to be a contradiction compared to the result of Tyagi that a dual phase
with more martensite would be preferred to obtain a dual phase steel with more
oxidational wear resistance.

It was indicated by Wang and co-workers [54] that a soft tempered sorbite is not
easily prone to being oxidised on the rubbing surface at a low load (50 N).
Furthermore, it is suggested that, although an increasing amount of oxides were
formed at an elevated temperature and load, an originally hard tempered troostitic
structure tends to be softened while a soft tempered sorbitic structure would more
likely be work hardened to a higher hardness level for the substrate adjacent to the
oxide layer. A comparison of the hardening effect and softening effect is shown in
Figure 2.14. This is consistent with the work done by Xu et al. [100] who reported
that an austenite-based medium chromium cast iron work hardened at higher load of
120 N during rubbing with a chromium steel ball shaped pin, has a better resistance
to sliding wear compared to a predominantly martensite counterpart obtained through
heat treatment.

Figure 2.14 Hardening effect for soft sorbitic matrix (a) and softening effect for hard
troostitic matrix (b) [54]

Although further studies need to be carried out to specifically recognise the nature of
the adhesion between the matrix and the rubbing-coated oxide film. Generally, it
would be concluded that the influence of matrix progressively plays a progressively
lesser role in determining the wear rate with increasing the real surface temperature
as the substrate may be softened, work-hardened, tempered, quenched, elongated and
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so on. Account should be taken of one or some of these effects if one or some of the
parameters, e.g. the applied load, sliding speed, ambient temperature, oxygen
pressure, are high enough to cause some changes in the properties of base metal.

2.3.4.4 Effect of carbides

As influences caused by carbides have previously been discussed, especially in terms
of their cracking, other aspects concerning carbides affecting the stability the oxide
layer, such as the amount, size, orientation, and their refinement, etc. will be
discussed in this section.

Some conflicting opinions seem to still exist in literature regarding the effect caused
by the amount of carbides. By studying three alloys with 0, 7 and 15% M7C3
carbides, Hogmark et al. [35] found that a carbide-free martensitic steel tended to
oxidised at the surface to form a protectively layer which helps the material to obtain
a better wear resistance by suppressing adhesive wear. Hogmark et al. indicates that
more carbide debris as abrasives may be produced at initial contact and act as a thirdbody blade tearing off the buds of corroded plateaux. Besides, Vardavoulias [21]
reported that a martensitic structure without the precipitation of carbide would be
more supportive of α-Fe2O3 than a softened martensite counterpart that contains
carbide. However, Jacuinde et al. [50] did not find an obvious correlation between
the wear rate and the carbide volume fraction of a 16%Cr high chromium cast iron
where the eutectic M7C3 is the predominant carbide in the matrix. In their opinion,
the oxidational wear rate is more associated with the ease of deformation of
subsurface substrate caused by sliding, which is correlated to the delamination
pattern of oxide film. A similar point was made by Vardavoulias [21] who advised
that the only contribution made by secondary phase when the size is small seems
only to be connected to the enhanced support induced by increasing the load-bearing
capacity of the base metal. Although different authors held various opinions, it is
evident that too much eutectic carbides in matrix would readily tend to crack and
lessen the chance of oxidation of ferro-based matrix, given that the carbide is a phase
that is inert to oxidation.
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More investigations were focused on the influence of carbides size. It is always
believed that coarse eutectic carbides tend to crack and make the matrix unstable
during wearing under higher load [51, 52, 92]. To specifically clarify the relationship
between the size of the second phase and the oxide film and their dependences,
Vardavoulias [21] proposed a qualitative model applicable to mild oxidational wear.
He first assumed that the growth of the oxide, say α-Fe2O3, is governed by the anion
diffusion theory and the advances its thickness to the deeper metallic substrate and
the second phase can be wholly or partly imbedded in oxide sheet, depending on its
thickness (𝜉) and second phase particle size (d). Thus, three cases are classified, (i)
𝑑 ≤ 𝜉 ; (ii) 𝜉 ≤ 𝑑 ≤ 𝑛 𝜉 (n is only several times of 1, say 3, as suggested by
Vardavoulias); (iii) 𝑑 ≫ 𝜉. In the first case, where it is satisfied with the condition

that d is less than or equal to 𝜉, it is said that the second phase particles would be
removed together with the spalling-off of the oxide, shown in Figure 2.15.

Figure 2.15 Development and break down of oxide layer in the presence of second
phase with a size smaller or close to the critical thickness of the oxide layer [21]

However, it seems that the first assumption (i) is more consistent with the failure of
oxide occurring at the oxide-metal interface rather than within oxide layer or at the
film surface. As the size of the strengthening particles in matrix approaches the
critical thickness of oxide film, a single particle can still be largely embraced by its
matrix around it. Also if the break-down of oxide occurs within the oxide film over
the interface and is well above the large particle, the second phase can still be
retained and wrapped up by both the brittle oxide and matrix. Furthermore, when
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breaking-down occurs at the interface, the relatively large particle largely imbedded
in matrix with a size near to 𝜉 may still be standing proud of the surface, probably
depending on the difference of metal-particle and brittle oxide-particle coherence.

This situation is more relevant to the second case which will be discussed
subsequently. When the particles become larger than 𝜉 in size but still at the same
order, some may be removed or torn off because of its tendency to cracking.

For this case (ii), shown in Figure 2.16, an onset of severe wear for the counter-face
may be involved, since the particles standing proud of the matrix might be highly
abrasive until they are torn off at the interface caused by cyclical rubbing-fatigue or
thermal fatigue due to the increase in the local rubbing temperature stimulated by a
decrease in the nominal contacting surface and thus a high normal stress. Otherwise,
they may be just pressed into the relatively soft matrix.

Figure 2.16 Development and break down of oxide layer in the presence of second
phase with a size bigger, but not too much, than the critical thickness of oxide layer
[21]

Vardavoulias suggested that, particularly in this case, the influence of matrix on the
wear rate would be weakened. It should be noted that most of the cases including (i)
and (ii) may be associated with the third-body abrasive wear involved in the mild
oxidational wear since the hard particles torn off the matrix would probably act as
abrasives supplied on the rubbing surface, resulting in a temporary third-body
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abrasive wear until the abrasives are removed from the surface or compacted with
oxide into glaze in the following rubbing process.

When it comes to the third case (iii), shown in Figure 2.17, where the second phase is
much more like a thick and strong wall preventing the detriment to the deeper
substrate from further advancement of oxidation. The thickness of oxide compared to
that of the second phase is very limited and the main body of the particle is still well
very supported by the matrix. This support may last until the fatigue stress at matrixparticle is in excess of a critical value beyond which cracks initiate extensively.

Figure 2.17 Development and break down of oxide layer in the presence of second
phase with a size much bigger than the critical thickness of oxide layer [21]

Furthermore, Rodenburg and Rainforth [66] quantitatively examined and developed
the Vardavoulias’ critical thickness-carbide size dependent model and confirmed that
the mild oxidational wear response does closely correlate with the carbide size
distribution in their test results. Nevertheless, it is noted that, this model seems to be
subconsciously assumed that the matrix is a rigid body and the second phase with a
relatively large size for (ii) and (iii) does not move relative to the supporting matrix.
Once the abrasive particles are protruding above the matrix surface, they are wearing
directly with the counterparts until they cannot resist the rubbing impact through
breaking or detaching. However, it should be noted that the secondary carbides as a
typical second phase would be more likely precipitated onto the sub-grain boundaries
[101, 102] or slip bonds [103] and it is doubtful that these sites can support
precipitated products efficiently. Particularly, if the matrix happens to be soft and
38

CHAPTER 2 LITERATURE REVIEW
ductile, it would be expected that the second phase particles can be pressed into the
matrix instead of standing proud of the surface with the plastic deformation of the
matrix. Through this process, although the subsurface material may be strengthened
and hardened to some extent, cracking tendency may also initiate nearby. This will
be convenient for oxygen diffusing into the base material and accelerate the
oxidation rate, leading to a thicker oxide film locally, hopefully. Combined with a
more or less strengthened sub-layer of base material, the oxide layer may appear to
be more supported and more stable. Moreover, it has been reported that the
compatibility between the coated oxide and mild steel is also of great importance by
studying the characteristics of plasma-sprayed oxide coating [104]. It was suggested
by Rangaswamy et al. [104] that since the asperities are unavoidable, the interlocking
between the oxide coating and surface asperities would positively bring about a
better adhesion during thermal cycling. Similarly, if the large particles largely
embedded in matrix are not, as arbitrarily expected previously, pressed deeply into
the base metal, the parts protruding above the matrix may act as asperities around
which the oxide forms through oxygen diffusion and the oxide debris compaction
onto and around the asperities, these protruding parts can be bonded together during
forming the oxide film and the interlocking effect thus operates. An alternative
would be that, the protruding body of relatively large particles are pressed into
matrix before they are breaking at matrix surface or detached from their original
places, as suggested in Vardavoulias’ model (ii). This will also help the second
phases act as inter-lockers between the oxide governed by oxygen diffusion and
subsurface matrix. However, it should be pointed out that, although the larger
particles as categorised in case (ii) and (iii), the cracking tendency especially for
larger inclusions like the second phases would be better taken into consideration
even though the oxidational wear is within the mild range.

However, it would be expected that if the orientation of the coarse particles, like
eutectic carbides, is considered, more details would possibly be explored, although
very few studies have been reported in literature. Fortunately, reports of studies on
the effect of the orientation of eutectic carbides on abrasion wear resistance of high
chromium white irons may provide some clues to that in oxidational wear. As
reviewed by Tabrett et al. [1], some researchers found that structures with carbides
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aligned perpendicular to the wearing surface give greater resistance to abrasion,
others, however, felt that a more abrasion resistant iron would be such that the
carbides aligned parallel to the wearing surface or randomly arranged in matrix.
Dogan, in addition, suggested that the carbides with its long axes parallel to the
wearing surface give a superior resistance to fracturing. However, the fracture tends
to be more likely to occur for carbides aligned perpendicular to the wear surface,
especially under high stress abrasion [81, 105], resulting in a growing tendency
towards detachment for the brittle eutectic carbides [1]. In oxidational wear, it would
also be expected that the frictional tangential is also prevalent within and beneath the
oxide film, the failure of large eutectic carbide would occur in this way as discussed
above, making the stability of oxide attached on the substrate weakened.

As large carbides are more likely to be fracturing, research on carbides refinement to
see any benefits brought about for lowering oxidational wear has also been carried
out recently, such as spray forming, laser melting [92, 106, 107] etc. It is interesting
that while Vardavoulias and, Rodenburg and Rainforth all demonstrated that a
second phase with size less than the critical thickness of oxide plays little role in
protecting the substrate during oxidational wear as discussed previously [21, 66],
Hanlon and co-workers [92], however, showed that a 17%Cr 2.5Cr% C high
chromium iron processed by spray forming technology with an average size of
refined eutectic carbides of 2-8 μm in diameter possesses superior oxidational wear
resistance up to 500 °C compared with conventional cast iron with a very coarse
eutectic net (up to 500 μm). Hanlon et al. thought that it is due to the lower cracking
tendency for refined carbides in spray formed iron, which might also be proven by
Hanlon et al. [7], that, in a bulk scale, the spray formed iron is very much more
resistant to cracking with an onset forging temperature of around 950 °C and a
reduction in height of 50%, while the conventionally cast iron has been severely
cracked on with a reduction in height of 36%. However, it is worth noting that
Vardavoulias’ model is mainly applicable to mild oxidational wear where it is
assumed that no, or no extensive cracking is involved for the second phases, while
Hanlon and co-workers’ results would probably obtained through a severe
oxidational wear regime in which no stable oxide layer can be retained on the
substrate surface since rolling has been applied with a slippage 8% in their tests
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under a very high load of 300 N. Besides, a high percentage of Cr also accelerates
the wear process by suppressing the oxidation rate. Therefore, it would be concluded
that the carbides refinement may not help reduce the oxidational wear when the wear
is mild, while during severe oxidational wear the increase in resistance to oxidational
wear caused by the refined second phase will probably arise, as delamination and
abrasion, which are typically of severe wear regime may be operating and the
tendency of cracking will be suppressed to a very low condition as to refined
structure under high stress. Any concern of the load bearing capacity of coarse
eutectic carbides under lower loads will probably be replaced by the ease and extent
to which carbides crack under higher load, under which the refined structure will
resist cracking better, and promote a stable oxide layer to be more protective of the
substrate during sliding.

2.3.4.5 Effect of alloying additions

The effects of alloying additions [64] together with surface treatment, such as
boronising [108, 109] and carburising [110], also play some role in determining the
oxide layer and oxidational wear. For example, it has been reported that the
boronized coating gives greater wear resistance at low sliding speeds, while the wear
loss is still lower at high sliding speeds due to the hardened surface although oxide
layer cannot be formed on the surface, and a delamination wear is involved [109]. As
to alloying additions, Jacuinde and Rainforth [64] reported that a high 16.8%Cr
white iron with 2% silicon shows a superior oxidational wear resistance under higher
load due to the formation of thicker oxide layer, while cast iron with 5% Si loss mass
quickly since too much Si in matrix will lower hardenability and promote the
formation of pearlite [1]. However, they failed to obtain a pronounced change in
oxidational wear by varying the content of mischmetal from 0.1 to 0.3%. Another
instance is the addition of titanium, by adding which, Jacuinde and co-workers [50]
observed that by comparing the same white iron without titanium, the 16%Cr white
cast iron with 2.02% Ti was coated with a thicker oxide film during sliding and
obtains a better wear resistance. For this difference, it is thought that the formation of
SiC particles greatly strengths the matrix. The effect of particles is very similar to
that discussed in the section of carbide and the any similarity is to be expanded in
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this section. Besides, it is reported that the refinement of carbides can also be
achieved by adding boron, and it is also advised to direct to the section of carbide
size for useful ideas.

2.4.

Summary

A majority of conditions that may affect the maintenance of the tribo-oxide layer
adhered to steels and cast irons were examined. They include the support of substrate
hardness, the mismatch of thermal expansion, development of cracks, the properties
of base materials composed of content of carbon, chromium, matrix, carbides, etc.
The major suggestions were:

As long as the substrate is not greatly softened, preferably hardened, it will be more
sufficiently supportive of the oxide layer to be more efficient in reducing wear. In
this situation, the effect caused by matrix and properties of the base material is not
the foremost concern. This is more applicable to conditions where mild oxidational
wear prevails. Besides, a matrix with coarse second phases would work well under
low loads as long as they are not severely cracked.

When severe oxidational wear predominates, and where the substrate may be highly
softened, plastically deformed, sometimes with the phase transformation of matrix, a
pre-refined structure with fine distributed second phases would probably be
preferred since the initiation and propagation of cracks developed during harsh
sliding conditions would surprisingly destroy the bonding of oxide-metal interface if
a coarse structured is involved.

A severe oxidational wear condition, probably with a high real surface temperature,
will lower the influence of passivation of Cr and the wear rate thickness of oxide film
may be both increased, although with a high content of Cr or Ni.
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EXPERIMENTAL INSTRUMENTS

3.1

Introduction

A Gleeble-3500 thermo-mechanical simulator with a pocket-jaw system was used in
this work to carry out the hot compression and heat treatment process for the novel
cast iron/low carbon steel composite fabricated through compositing casting
technology and hot rolling. A Struers Accum-50 cutting and wire-cutting machines
were also employed to cut the samples. Optical microscopy (OM) and scanning
electron microscopy JEOL 6490 (SEM) equipped with energy dispersive
spectrometer (EDS) were used to characterise the microstructures of samples after
the Gleeble experiment and the worn morphologies of samples for sliding wear
testing. A Philips 1730 X-ray diffractometer (XRD) was used to confirm the phases
in the samples. CETR UMT Multi-specimen Test System was used for sliding wear
testing.

In this chapter, main equipments used in this study are described. The methodology
is explained. The sample preparation is also described.

3.2

Experimental equipment

3.2.1 Gleeble-3500 thermo-mechanical simulator

The Gleeble-3500 thermo-mechanical simulator that is a fully integrated digital
closed loop control testing system. Its direct resistance heating system of the Gleeble
3500 can heat specimens at rates of up to 10000 °C/second, and it can hold a steadystate equilibrium temperature. High thermal conductivity grips hold the specimen,
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making the Gleeble 3500 capable of high cooling rates. An optional quench system
can achieve cooling rates in excess of 10ˏ000/second on the surface of specimen.
Thermocouples or an optional infrared pyrometer provide signals to accurately
control feedback on the temperatures of specimens. Because of its unique method of
high speed heating, Gleeble systems can typically run thermal tests 3 to 20 times
faster than conventional furnace equipped machines. Figures 3.1, 3.2 and 3.3 show a
Gleeble-3500 during testing for the present work. For details, one will be advised to
directed to DSI homepage [111].

Figure 3.1 Vacuum chamber of Gleeble 3500

Figure 3.2 Quench tanks

Figure 3.3 Digital control
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3.2.2 SEM

The JSM-6490LV Analytical Scanning Electron Microscope (SEM) is a highly
efficient piece of equipment with a high resolution of 3.0 nm. This equipment is used
to observe the microstructures of the samples tested and the worn surfaces after pinon-disc sliding wear testing.

3.2.3 CETR UMT multi-specimen test system

The general appearance of a CETR UMT multi-specimen test system is shown in
Figure 3.4. The UMT Multi-Specimen Test system can be used effectively for the
tribological testing of ferrous and non-ferrous metals, plastics, ceramics, paper,
composites, thick and thin coatings, as well as solid lubricants, lubricating fluids, and
oils and greases [31]. Various common tribology test modes are available, including:
(1) pin on disc; (2) ball on disc; (3) pin on V-block (4) disc on disc (flat on flat), etc
[31].

Figure 3.4 Appearance of CETR wear testing setup [31]

The Ball/Pin-on-Disc System Setup was selected in this study to carry out the unlubricated unidirectional sliding wear test. This method involves a ball shaped upper
specimen that slides against a rotating disk as a lower specimen under a prescribed
set of conditions [31]. The UMT allows for monitoring during the test the actual
dynamic normal load, friction force and coefficient of friction, and depth of wear
[31]. A schematic of pin-on-disc system setup is shown in Figure 3.5.
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Figure 3.5 Schematic illustration of a pin-on-disc system setup [31]

3.3

Testing standard for sliding wear testing

The wear testing standard mostly follows the Standard Test method for Wear Testing
with a Pin-on-Disk Apparatus (G99-05, Reapproved 2010) [34]. One exception is
that the diameter specimen is from 12 mm (for hot rolled and heat treat specimens) to
14 mm (for hot compressed specimen), smaller than the range of diameters advised
in this standard. Another slight difference is the ground surface roughness is always
kept at 1 μm, instead of equal to or less than 0.8 μm.
The pin specimen used in this work is a common high chrome ball with a diameter of
6.35 mm with a preset load as normal load, pressed onto the disc material to be slid.
Details of the experimental parameters and testing procedures are directed to the
following chapters.
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4.1

Introduction

Cr-bearing cast iron has long been widely used in industrial applications for its
excellent performance in wear resistance. Relevant applications usually include
mining, mineral processing, etc. To achieve an outstanding wear resistance, a high
percentage of hard primary/eutectic carbides, especially M7C3, are favourable [112].
Specifically, graphite crystallised chromium white irons are also of such alloys with
graphite dispersed in matrix [113]. Alloys of this type are usually found to be used
for rolling mill rolls, have relatively high content of silicon and nickel promoting the
crystallisation of graphite. As Cláudio and Amilton [114] proposed, graphite
crystallised alloy cast irons, with a content of C from 2.24% to 3.35%, and Cr around
7%, phases observed mainly consist of austenite, eutectic M7C3 together with
graphite. With the presence of graphite, the resistance to adherence between plate
and roll can be enhanced, due to its lubrication effect, though this softer phase may
result in a considerable decrease in abrasion resistance.

4.2

Experimental

The composite was fabricated by composite casting. The melt steel was poured into a
casting mould, followed by pouring the melt cast iron into the mould, and then the
mould was cooled to room temperature. Afterwards, the composite was hot rolled at
950 -1150 °C and air cooled to room temperature. Details on the casting method may
be found elsewhere [10, 115]. Table 4.1 indicates the composition of this alloy as a
core layer fabricated with low carbon steel as outer layers used in this study.
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All the samples were wire cut into cylinders, with a diameter of 8 mm and around 10
mm in height. The thicknesses of outer layers LCS were measured to be around 2.7
mm, and core layer (cast iron) to be some 4.6 mm. Hot compression tests were then
conducted using Gleeble-3500 thermo-mechanical simulator with a pocket-jaw
system. To monitor and receive feedback of the in situ temperature of cast iron layer
during testing, a thermal couple was welded onto the surface of the cast iron, as
shown in Figure 4.1. Each sample was heated to 1050 °C at a heating rate of 20 °C
/s, and then held isothermally for 8 min to ensure the alloys evenly austenitised.
After the temperature was lowered at a cooling rate of 10 °C /s to, or still unchanged
at, 950 °C, 1000 °C and 1050 °C respectively, a hot compression was conducted at a
strain rate of 1/s, immediately followed by a water quench for 20 seconds to cool the
samples to ambient temperature, with a copper loop fixed to where water from the
tanks can be fluently and effectively sprayed onto the sample being tested. The
quench system is shown in Figures 4.2 and 4.3. The same condition was also applied
to a sample that was not hot compressed during testing. This process can be regarded
as an absolute destabilisation heat treatment for this sample. All the destabilisation
and hot compression processes were carried out in a vacuum or high pure argon
atmosphere to avoid oxidation during testing.

Table 4.1
Chemical composition of the cast iron used in this study (%, wt)

Cast iron

C

Cr

Ni

Mn

Si

Mo

P

2.0

1.50

4.80

0.78

0.99

0.27

0.02

Figure 4.1 Cylindrical sample to be tested, with a thermal couple welded onto the
surface of the cast iron layer
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Figure 4.2 Copper loop as a quench system (before testing)

Figure 4.3 Copper loop as a quench system (during testing)
After the Gleeble 3500 tests, all the compressed samples were cut from longitudinal
section to expose the surface of cast iron and cast iron-low carbon steel interface
using Struers Accum-50 cutting machine and the fresh surfaces obtained through
cutting from longitudinal section were polished to 1 μm using Struers Rotopol-1. The
polished samples were then etched with Nital (2%) for 30-40 s, and cleaned with
distilled water and alcohol to reveal the microstructures. The microstructures of cast
layer in these samples were examined using optical microscopy (OM), scanning
electron microscopy JEOL6490 (SEM), equipped with energy dispersive
spectrometer (EDS).

4.3

Results and Discussion

4.3.1

Matrix
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As shown in Figure 4.4, an almost fully austenitic matrix of the cast iron layer was
obtained after destabilisation at a holding temperature of 1050 °C with a holding
time of 8 min, followed by a reduction of 40% at a strain rate of 1/s, carried out on
the Gleeble 3500, whereas an ideal martensitic matrix in the zone near the interface
in the low carbon steel (LCS) layer was observed. This critical discrepancy of matrix
gained probably contributes to the different levels of C content remained in
respective layers. For LCS sides, the matrix can easily acquire a high percentage of
martensite because of its quite low content of C (0.2%) in austenite during
destabilisation and subsequent quenching. A considerably lower concentration of C
in LCS near the metallurgical interface, in comparison to that of cast iron layer,
builds up a gradient bridge, making the diffusion of C proceed easily from higher C
concentrated zone (cast iron) to lower C concentrated zone (LCS) during
destabilisation. An upgraded content of C in LCS near the interface will increase the
ease with which austenite transforms to martensite under a relative high cooling rate
which is higher than the critical cooling rate. When it comes to the cast iron layer,
however, several reasons imposed together, either beneficial or not, account for an
austenitic matrix gained after quenching. First, with a relatively low ratio of Cr/C
compared with that of high chromium cast iron commonly used in application, Cr
depleted quickly for the use of precipitation of secondary carbides during
destabilisation, resulting in a comparatively high C content still remained in austenite
at high temperature. This may lead to the decrease of Ms (martensite starting point)
during cooling. The second factor is the existence of Ni in the austenite matrix,
which to some extent promotes the stabilisation of austenite, thus lowering Ms.
Generally, it would be hard to produce a great amount of martensite for an alloy with
high content of C quenched at extremely high cooling rate in that a delay effect may
apply, resulting in a difficulty in the nucleation and growth of martensite. In addition,
austenite, as a softer phase than others, can be mechanically stabilised during hot
deformation when a severe compression is employed, making martensite
transformation harder to start. Besides, the holding time, 8 min as employed in this
work, may be not long enough to make matrix completely destabilised, although Ni
dissolving in matrix does enhance the hardenability of material. In order to ensure a
martensitic matrix, a lower cooling rate should apply. This can be achieved under air
cooling to ensure a sufficient transforming time for martensite during cooling.
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Figure 4.4 Microstructure of the interface of cast iron/low carbon steel

Figure 4.5 indicates the distributions of C, Cr and Ni in this whole photo taken using
EDS. Figure 4.6 shows the EDS mapping of the main elements in the selected area in
the cast iron layer. It can be revealed in this figure that Cr was mainly dispersed in
eutectic carbide phase, while Ni is almost in the austenitic matrix. It is interesting to
note that as shown with black arrow, the intensity of C is almost unchanged along the
horizontal direction from 0 to 42.67 μm in the absence of graphite phase, although
with the irregular distribution of the carbide phase. This implicates that the matrix
was still not a C-poor structure, which is also demonstrated in the EDS mapping
result for C as illustrated in Figure 4.6. This is in that the destabilisation temperature,
1050 °C used in this study, is slightly higher, which is beneficial for the dissolution
of C in the matrix. Secondly, the holding time, 8 min, is a little short for C
completely precipitated to form M3C carbide. The two aspects lead to the C-medium
instead of C-poor matrix. It would be expected that the matrix would be more
destabilised if the destabilisation temperate is changed to 1000 °C and the holding
time is properly prolonged to, say, 20 min.

Figure 4.5 Distributions of C, Cr and Ni
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Figure 4.6 EDS mappings of C, Cr, Fe and Ni for the area shown in (a) of Figure 4.5
As shown in Figure 4.7, there was a tendency that the secondary carbides have a
preferential orientation of precipitation after hot compression. Some carbides in
intragranular zones were precipitated along the transverse direction, perpendicular to
the compression direction.

Figure 4.7 Microstructure of cast iron layer

4.3.2

Secondary carbides precipitation
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As can be seen in Figures 4.8, 4.9 and 4.10, the least amount of secondary carbides
precipitated along and within the austenite grains was for samples that were only heat
treated without deformation. With an increase in the extent of deformation, more
precipitates in samples were observed, together with austenite grain shapes becoming
more irregular, and even impossible to distinguish a complete grain. This
discrepancy results mainly from the formation of a substantial amount of defects,
such as slip bonds, together with sub-grain boundaries caused by the austenite
deformation. Locations with defects in the grains are always preferred sites for the
onset of the precipitation of secondary carbides. Another interesting phenomenon
deserves to be mentioned is that grains unbroken in shape and coarser in size
produced less amount of secondary carbides. This can be explained by an overstabilisation of austenite grains during deformation and subsequent cooling.

Figure 4.8 The cast iron layer of heat treated sample

Figure 4.9 The cast iron layer of the hot compressed sample with a reduction of 20%
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Figure 4.10 The cast iron layer of the hot compressed sample with a reduction of
40%

4.3.3

Intergranular fracture toughness

Figures 4.11, 4.12, 4.13, and 4.14 show the morphologies of grain boundaries for
samples only hot rolled followed by air quench, hot rolled and destabilised at
1050 °C for 8 min and hot compressed at the temperatures of 950, 1000 and 1050 °C
before water quench, respectively. It is evident here that the precipitates at the grain
boundaries of hot rolled samples with a martensitic matrix, are distributed
continuously, apart from some folds as shown in Figure 4.11. However, when it
comes to the samples hot compressed at the temperature of 950 °C as shown in
Figure 4.12, secondary carbides began to become discontinued particles and rods at
the intergranular zones. Furthermore, there was a pronounced tendency for intergranular fracture which may weaken the bonding of grains and decrease the strength
of the material. When the compression temperature was increased to 1000 °C at the
same strain rate of 1/s, some unnoticeable inter-granular fracture was observed, as

shown in Figure 4.13, and the precipitates were more uniformly obtained along grain
boundaries. The finest secondary carbides precipitation belonged to the samples that
were hot compressed at 1050 °C and no intergranular fracture was observed for these

samples, shown in Figure 4.14. At a relatively higher compression temperature (1050

°C) which is closer to the melting point of this alloy, the middle layer had a better
ductility and the stress between boundaries was relatively lower than that which was

hot compressed at 950 °C. A poorer ductility with a relatively high stress induced by
high temperature plastic deformation resulted in the rupture of precipitated secondary
carbides owing to its brittleness. Inversely, a higher stress, produced by these hard
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brittle precipitates, was unevenly applied onto the interfaces of austenite grains
during deformation. The stress rupture of continuous secondary carbides and the
inter-granular fracture may be greatly detrimental to the proceeding of dynamic
recrystallisation and the strength of grain bonding, and macroscopically, the
resistance to wear during service for this alloy. Therefore, an appropriate hot
deformation temperature, around 1050 °C for instance, is highly suggested for this
alloy, in order to avoid the formation of intergranular fracture.

Figure 4.11 Microstructure of hot rolled sample

Figure 4.12 Microstructure of sample destabilised at 1050 °C for 8min and hot
compressed (40%) at 950 °C
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Figure 4.13 Microstructure of sample destabilised at 1050 °C for 8min and hot
compressed (40%) at 1000 °C

Figure 4.14 Microstructure of sample destabilised at 1050 °C for 8min and hot
compressed (40%) at 1050 °C

4.3.4

Microstructural analysis of the bimetal bonding interface

The microstructures of the interfacial zone of the samples after hot rolling and hot
reduction (40 %) on Gleeble 3500 are shown in Figure. 4.15 (a) and (b), respectively.
It is clearly seen that the composite after hot rolling and an air cooling process a fully
pearlitic structure at the region of low carbon steel side near to the interface, while a
predominant martensitic matrix was observed for the sample after being hot
compressed, as shown in the left side of (a) and (b) of this figure. Figure. 4.15 (c)
shows the detail of the structure of the low carbon steel side near to the interface,
implying that an extremely hard layer that was measured to be 800-900 HV, was
created after water quench. Xie and co-workers [10] reported that a mixture of
pearlite and ferrite is obtained on the side of low carbon steel, especially for the zone
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near to the bonding interface, while martensite was densely dispersed in this area in
the present study. This is an apparent difference that has to be explained. It is noted
that the cast iron used in Xie and co-workers’ experiment contained 2.4% C in cast
iron layer and 0.2 % C at the low carbon steel side, while the material used in the
present study had 2.0% C in cast iron layer and 0.15-0.2% at the low carbon steel
side. The disparity of the potential of C between the cast iron and low carbon steel
for the two cases cannot be a major reason. As C can diffuse into the low carbon
steel side from the cast iron layer [10, 11], the low carbon steel with more C will be
readily quenched at a high cooling rate during quenching. Therefore, more
martensite, rather than pearlite as the matrix found in Xie and co-worker’s result, can
be observed at the side of low carbon steel after Gleeble 3500 experiment in this
study.

As the interfacial area of low carbon steel has an almost fully martensitic matrix with
a hardness number of up to HV 900, the wear resistance will definitely be enhanced
after the Gleeble 3500 test. Besides, the cast iron layer may also perform a better
abrasion resistance due to the ductility and work hardening effect [59] or strain
induced toughening [116] of the softer matrix and a better oxidational wear
resistance due to the presence of secondary carbides [21].

Figure 4.15 Microstructures of interfacial zone of the hot rolled composite (a);
destabilised and hot compressed composite (b) and a typical microstructure of water
quenched region of the side of low carbon steel near to the bonding interface (c)

4.4

Conclusions

The hot compression test for cast iron/low carbon steel composite has been carried
out at the temperatures ranging from 950 to 1050 °C using the Gleeble 3500, to
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investigate the effect of hot forming process on the microstructural evolution of cast
iron layer. The results gained from this work are listed below:

(1)

With the increase in the deformation temperature from 950 to 1050 °C, more
secondary carbides precipitated from the matrix. This may be explained by the
formation of a great amount of sub-grains and slip bonds after deformation
occurred.

(2)

At a lower deformation temperature, such as 950 °C, some intergranular
fracture formed after hot compression, leading to weaker bulk strength and
fracture toughness. Thus, a deformation temperature closer to the semi-solid
state of this alloy is highly recommended in order to acquire a stronger grain
boundary bonding.

(3)

The pearlitic matrix of the interfacial region of low carbon steel was replaced
by a predominantly martensitic matrix with a hardness measured to be up to
900 HV after hot compression carried out using Gleeble 3500 thermomechanical simulator.
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5.1

Introduction

Oxidational wear may occur when oxygen is involved in conditions in which two
metal surfaces are sliding against each other. In 1930, Fink published the first paper
concerning this phenomenon, implying that the oxidational wear had become a
family member of the wear of metals, as mentioned in an extensively cited review
published by Quinn [16]. Since then, a wide range of investigations have focused on
the nature of this wear format. Oxidational wear is traditionally accepted as a wear
regime where protective films are set up on the contacting surfaces of metals. As its
mildness in wear rate, oxidational wear involves the chemical reactions of metal
surfaces with oxygen, compared with a physically pure sliding between two metals
[16]. The sliding pair, whether one component or both of this pair, on which once
protective layers are effectively and stably formed, can be greatly prevented from
metal-to-metal contact, thus lowering the wear loss [16, 30].

Since oxide-to-metal or oxide-to-oxide contact dominates the whole process of
sliding, the formation of such a lubricating film has always been the foremost
concern for researchers interested in this type of wear. In 1978, Stott [23] proposed
that a considerable amount of oxide debris is created at first when two metal
components become sliding against each other and some of the debris produced is
retained between the contacting surfaces. After further sliding contact, these products
can become highly compacted locally. Similar events of transient growth are
subsequently removed and more products are produced in the same way during
following sliding until sufficient wear debris becomes locally confined, and then a
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glaze layer is thus formed. However, Quinn [16], from the perspective of diffusion,
argued that oxidation occurs by diffusion of oxygen ions inwards and (sometimes) by
metal ions outwards. The plateaux that originally existed or produced after initial
metal-to-metal contact on the rubbing surfaces primarily grow in height at the
interface between the oxide and the metal beneath the asperity contacts. A majority
of thoughts developed and prevailed over the following years concerning the
formation of this lubricating layer was originated from the two views, proposed in
[20, 22, 117] which were consistent with the former, and [67] the latter.

In terms of the mechanisms of oxidational wear, researchers put great efforts into
studying how it makes the mass or volume of sliding pairs lose. This really depends
on how this protective tribo-oxide film is formed and maintained, and many wear
models have been proposed. The first one that has to be mentioned is Quinn who
speculated in 1967 that the wear rate totally attributes to the oxidation rate [69, 118].
Since then, more mechanisms were brought up and, more precisely, each one was
likely to be appropriately applicable to a certain given tribo-system since the
parameters always change, especially the load and sliding speed applied and the real
contacting temperature brought out, either externally stimulated or provided
internally purely by sliding [15]. Wilson and co-workers in 1980 [24] suggested that
the removal of this protective oxide layer relates to adhesion between asperity
surfaces involved in sliding contact, and subsequently the interfaces of the oxide and
metal or just within the oxide itself, fail to bond by shear, leading to the formation of
fine oxidised debris. These shear events even occur within the metal, in which the
production and transfer of larger, oxide-coated metallic flakes are unavoidable. It is
noted that the normal load (0.7 N) and sliding speeds (10 and 12 mm/s) employed in
Wilson’s experiment were both quite lower compared with those in similar tests
carried out by others documented in literature. Quinn in 1983 [16] held that a fatigue
mechanism which mainly causes loss of materials could be operating when a critical
thickness of such a oxide layer is approaching due to findings of fatigue cracks
distributed regularly at right angles to the direction of sliding. Subsequently,
although it was not fully satisfied by Quinn in 1984 [17], the opinion that
competition between shearing and tearing, and the self-healing properties of oxide

60

CHAPTER 5 INTERFACE ADHESION BETWEEN OXIDE LAYER AND SUBSTRATE IN SLIDING WEAR

films on wearing surfaces may be operational during mild wear, was still
recommended by him after heat flow analysis had been taken into account.

However, there still exist some controversies over the interface coherence between
the oxide protective layer and substrate beneath it, and the maintenance of such a
highly wear resistant film. Some researchers believed that the match between the
metallic and oxide interfaces is mainly responsible for the formation and
maintenance of the solid lubricating oxide film [20, 21, 38, 46, 49], while others
advised that it would not be an effective adjacent supporter for building up such a
layer when the substrate becomes relatively soft [39, 54]. Moreover, Stott and Jordan
[40] believed that a high chrome steel substrate with a lower hardness can act as a
good upholder that is beneficial for establishment of the oxide thin film. They found
that deeper grooves could be developed especially in the early stages of wearing and
the grooves generated would provide convenience for accumulating and retaining the
loose wear debris generated locally. In view of this, the sliding wear response of
4.8Ni-1.5Cr alloy with predominantly martensitic and retained austenitic matrix, was
studied in this work to further explore the coherence between the interface of oxide
thin film and substrate materials.

5.2

Experimental

5.2.1

Sample preparation

The alloy in this wear test is a cast iron as the middle layer, fabricated with low
carbon steel (LCS) as outer layers. The LCS contains 0.2%C (%, wt). The
composition of cast iron used in this study is listed in Table 5.1.

Table 5.1
Chemical compositions of the cast iron and pin material used in this study (%, wt)

Cast iron (Disk)

C

Cr

Ni

Mn

Si

Mo

P

2.0

1.50

4.80

0.78

0.99

0.27

0.02

AISI E52100 (Pin) 0.98-1.10 1.30-1.60

—

0.25-0.45 0.15-0.30 <=0.025 <=0.025
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In this study, a sandwich-structured composite was obtained by hot rolling after the
low carbon steels and cast iron were cast together. Details on the method of
fabricating this type of composite may be found elsewhere [10]. After being hot
rolled at a temperature of around 1050 °C and air-cooled to room temperature, the
composite was cut into cylinders using wire-cutting, with the dimension of 12.05 mm
diameter and 14.10 mm height. The thicknesses of the three layers of this composite
were almost same, measured to be around 4.7mm for each layer. Two cylinders were
then tested using the Gleeble 3500 thermo-mechanical simulator with a pocket-jaw
system. In order to monitor the in situ temperature of the sample during high
temperature testing, a thermal couple was welded onto the surface of the cast iron
layer before the sample was mounted in pocked-jaw system. One sample was heated
to 1050 °C from room temperature at a heating rate of 20 °C/s, and then held
isothermally for 8 min and, immediately, water-quenched for 20 s, using a copper
loop fixed near the sample so that water from two tanks could be fluently and
effectively sprayed onto the surface of the test sample. The same condition was
applied to the other sample at the same heating rate and with the same holding time.
The only difference for this sample was the hot compression conducted at a strain
rate of 1/s with a reduction of 40 % at 1050 °C before water quench. All the tests
using the Gleeble 3500 were carried out in a vacuum. Figure 5.1 shows the thermal
cycles for the two samples. Figure 5.2 reveals the sample during destabilisation and
hot compression process in the vacuum chamber of Gleeble-3500. Figure 5.3
indicates the composite after hot compression using the Gleeble 3500 thermal
simulator. Together with an original one that was not conducted using Gleeble 3500,
these samples were then cut from the middle layer into two parts using a Struers
Accum-50 cutting machine, and the fresh surfaces of cast iron from these three
samples with varying processing routes as mentioned above were obtained.
Subsequently, all the samples were mounted in a stainless steel ring with an inner
diameter of 50 mm, and positioned them as central in this ring as possible
respectively. The following step was that the resin and hardener with a weight ratio
of 25:3 were poured into this ring. After 24 hours, the resin disks with samples in the
three different states were pressed out of this ring after the resin was completely
solidified. The reason that samples were mounted in the solidified resin was that the
size of samples had to match that of lower sample holder on the pin-on-disc
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apparatus employed in this experiment. Afterwards, the cast iron surfaces of all the
solidified-resin-mounted samples were polished to a final finish of 1 μm and cleaned
with alcohol. The opposite surfaces were ground to ensure the upper and lower
surfaces of the samples as parallel as possible, and eventually around 11.7 mm
thicknesses of the three samples mounted in solidified resin were obtained. The
appearances of the three samples to be tested are illustrated in Figure 5.4.

Figure 5.1 Thermal cycles for the sample to be heat treated (a), and the sample to be
hot compressed (b)

Figure 5.2 Destabilisation and hot compression for one sample in the vacuum
chamber of Gleeble 3500
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Figure 5.3 Appearance of the sample after hot compression using Gleeble 3500

Figure 5.4 Appearances of the samples mounted in resin, after being hot rolled (HR),
hot rolled followed by heat treatment on the Gleeble 3500 in which the sample was
isothermally held for 8 min followed by water quench (HT), and hot rolled, heated
treated as same as that of HT, followed by hot compression before water quench (HC)

5.2.2

Wear test procedure

Wear test was carried out using pin on disk system on a CETR UMT Multi-specimen
Test System. A schematic for the pin-on-disc apparatus is illustrated in Figure 5.5. A
high chrome steel ball with a 6.35 mm diameter as pin specimen in this study was
fixed in the ball holder. The pin material was AISI E52100 with a hardness of 890
HV10. The composition is also listed in Table 5.1. The samples were, respectively,
mounted and fixed on a disc holder on the specimen table of the rig in each wear test.
In the sliding test, which included four rounds from beginning to end, all the pins
were pressed against a rotating disk with a pre-set load. The wear test parameters
selected were as follows: 45, 78, 78 and 78 mm/s for the equivalent unidirectional
sliding speeds, and 20, 20, 40 and 40 N for normal loads, respectively for each round
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of the whole wear testing. The wearing durations of each round was 7.5, 7.5, 7.5 and
2 min respectively. The disks tested were sliding against the static upper pins at a
constant rotating speed of 191 rpm in the whole tests. Before each new test, the old
ball-shaped pin was replaced with a new one. All the tests were conducted at a room
temperature of about 20 °C. After each round, the surfaces of all the samples were
coated with gold for 10-15 s using a sputter coater before they were used to observe
the worn surfaces, using scanning electron microscopy JEOL6490 (SEM), equipped
with an energy dispersive spectrometer (EDS). Optical microscopy (OM) was also
employed for observation of worn surfaces of some pins tested in this wear
experiment. After observation on the SEM, the surface of each sample was polished
to 1 μm finish again and etched in Nital (2%) for 30-40 s to reveal the
microstructure. After being confirmed by using optical microscopy (OM) that the
microstructure of the fresh alloy surface was the same as its previous state for each
one, the surfaces of samples to be tested were polished again to 1 μm finish and
cleaned with alcohol for the sliding wear test in the next round.
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Figure 5.5 Appearance and schematic illustration of the pin-on-disc apparatus used
in this study

5.3

Results

5.3.1

Microstructure

Figure 5.6 shows the typical microstructures of this cast iron alloy processed through
these three processing routes mentioned above. HR possesses a microstructure of
predominantly martensite as the matrix, as shown in (a) of this figure. The alloy after
casting with LCS and then being hot rolled, followed by air cooling to room
temperature had a predominantly martensite matrix was simply due to its high
composition of C (2.0%, wt), together with an appropriate or moderate cooling rate.
The macro-hardness of HR was measured to be HV 455 ± 10 (HV10). However,
very few islands of martensite could be found within HT (b) and HC (c) as shown in
the figure, and matrices with predominantly retained austenite for both of them were
obtained. This can be accounted for by the two aspects just mentioned above (high
content of C and cooling rate), together with the very thin cross sections (12.05 mm
for HT and below 15 mm for HC after hot compression) of HT and HC, quenched on
the Gleeble 3500. The small size can well ensure the samples used in the Gleeble
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3500 test were completely quenched. Sometimes an alloy with a high percentage of
C and alloying elements leads to a predominantly retained austenite after quench
with a sufficiently high cooling rate to room temperature, due to a delay effect of
martensite

transformation

involved

during

quenching.

Judging

from

the

microstructures, slightly more secondary carbides in HC were precipitated after the
Gleeble 3500 tests and disordered grain boundaries were obtained, compared with
those in HT. This was mainly attributed to a high temperature deformation employed
to HC, resulting in numerous sub-grain boundaries and defects within this alloy. Subgrain boundaries and defects were always the preferred sites for secondary phases to
precipitate. The eutectic carbides presented in the three alloys with different states
were M3C. Since eutectic carbides in chromium-rich cast irons are thought to be
thermally stable at destabilisation temperatures between 920 and 1060 °C [1], the
aspect that could prompt difference in wear behaviour in this study was very limited.
The hardness of HT and HC measured was almost the same, both within the range
between 255 and 275 HV10 using a macro hardness tester. The micro-hardness of
retained austenite phase in these three alloys was around 370 HV25g. The effect of a
slight difference of secondary carbides precipitated that might influence the hardness
in this alloy seemed to be negligible. In this study, the disparities between these two
totally different matrices in HR, HT and HC, causing some different and interesting
oxidational behaviour, are thus discussed later in discussion section.

Figure 5.6 Microstructures of HR (a), HT (b) and HC (c) for wear test
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5.3.2

Wear response

Figure 5.7 presents a comparison of coefficient of friction (COF) of HR (a), HT (b)
and HC (c), under different unidirectional sliding wear parameters. As for HR, the
final values of COF under these conditions applied seemed to be somewhat scattered.
Sliding under a normal load of 40 N at a sliding speed of 78 mm/s reached a COF
value of nearly 0.8, which was a maximum among the three sets of parameters
shown in this figure. The followers are around 0.6 and 0.4 (COF values), for the
sample sliding under an identical normal load of 20 N, at sliding speeds of 78 and 45
mm/s respectively. Another phenomenon as revealed was the difference in general
trends of the three curves. The curve that represents the parameter (load = 40 N,
sliding speed = 78 mm/s) showed a slight increase after running-in and a period of
severe wear period, whereas the other two curves both tended to decrease slowly. It
is worth noting that the rough turning point of COF gained under 20 N and 78 mm/s
occurred around 50 s later than under 20 N and 45 mm/s, as indicated by arrows in
the figure. When it comes to the figures for HT and HC, it seemed more convenient
to describe them together. The final values of COF in latter two figures are not as
scattered as in Figure 5.7 (a) and tended to merge together, although the lowest value
always belonged to the one conducted under a small load (20 N) at the lower sliding
speed (45 mm/s) in the experiment. The ranges of final COF values in Figure 5.7(b)
and (c) are from 0.5 to 0.6 and from 0.6 to 0.7, respectively. Similar tendencies of a
slow decline in value of COF can be found if 20 N was selected as the normal load
applied in both Figure 5.7 (b) and (c). Furthermore, the values gained under 40 N and
78 mm/s remained roughly constant at about 0.6 and 0.7 respectively with time, after
they experienced a period of fluctuation in the beginning from 0 to roughly 130 s
during wear testing. When 20 N was adopted as a normal load for HT and HC,
however, an interesting result occurred is that the sequence of turning points emerged
in the two figures is changed, compared with that mentioned previously for HR
under the same experimental condition. There must be a significant difference
involved in terms of wear mechanisms during sliding contacting, which will be
discussed later. A comparison of the vertical displacements of the pin gained from
test was not presented to determine the wear rate for each condition, because the
worn surfaces of both pins and disks being under sliding contact contribute to the
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change in vertical displacement. Although the method for evaluating the wear rate
judging only from the displacement monitored by a transducer installed in the pinon-disc wear testing system like other similar systems is always welcomed by some
tribo-researchers for many years, the author will only use it cautiously in the later
sections when discussing an interesting result found in this study.

Figure 5.7 Comparison of the coefficient of friction for HR (a), HT (b) and HC (c)
under three different sliding conditions

5.3.3

Morphology of worn surfaces

The morphology of worn surfaces of HR, HT and HC tested under loads of 20 and 40
N at unidirectional sliding speeds of 45 and 78 mm/s are shown in Figure 5.8. When
20 N and 45 mm/s were applied, the appearance of worn surfaces seems to be similar
among the three samples. Delaminated craters and cracks are found on so-called
glaze layers formed on the worn tracks, although the delaminated craters were more
prevalent in the worn tracks of HR. In addition, it was also found that there were
channels in which the wear debris generated during wearing on both sides of the
worn tracks. The levels of the glaze layers formed after sliding seem to be even
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slightly higher than those unaffected by wear beside worn tracks. Observations by
optical microscopy (OM) confirmed this point. Moreover, there were also some
shallow grooves produced after the test. Fragmentation was another event occurred
on the protective oxide layers. When the sliding speed shifted to 78 mm/s, there were
no apparent disparities in terms of failures of surfaces on the compacted tribo-oxide
layers, including the widths of worn tracks formed after test, judging from the results
obtained on SEM, as illustrated in Figure 5.8. Nevertheless, some changes occurred
when the normal load was raised to 40N at a sliding speed of 78 mm/s. The oxide
layers of each sample were replaced by ultra-fined grain layers with some compacted
patches composed of these ultra-fine grains. Furthermore, more such patches were
found on the worn surface of HR, compared with those of HT and HC. There must
be some delamination and adhesion events involved under this wear condition. The
worn surfaces after tests always showed a slightly reddish-coloured appearance,
revealing that α-Fe2O3 oxide was the main oxidation product [16, 22]. It has been
predicted and reported that α-Fe2O3 is the main oxide product when the mean surface
temperature is relatively low [16, 21, 38] (e.g. up to 140 °C predicted by So in 1995
[38]). The relatively low increment of average surface contacting temperature is
usually caused by a small load and, especially, at a low sliding speed [21, 22, 45, 67].
For an un-lubricated system, Rigney suggested that the rise in surface temperature
would be very limited if a sliding speed of a few mm/s was selected, whereas a
sliding speed at the order of magnitude of m/s would lead to an increase in
temperature of hundreds of degrees. The maximum sliding speed used in the present
study was 78 mm/s which is below 0.1 m/s and well at the order of mm/s. This is
beneficial for forming reddish α-Fe2O3 during rubbing.

5.3.4

Relationship between wear response and morphology

Although the patches shown in this figure can be also defined as a type of so-called
glaze, one can postulate that the stability of the patches are quite low and can be
readily delaminated during following sliding contact. Thus the wear rate could be
relatively high compared with the previous test conditions when the normal load
halved in number. This can be further confirmed by COF figures, as clearly shown in
Figure 5.7. Although the final absolute values of COF, gained when the normal load
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was 40 N, instead of 20 N, were comparably close especially for HT and HC, a trend
with a roughly constant value of COF is inferable, instead of a steady decrease if a
prolonged sliding test is applied.

5.3.5

Negative displacement of pin

When 40 N and 78 mm/s were applied as sliding parameters, both of which were the
higher values selected in this study, the displacement of the pin still climbed as a
function of the increase in sliding time, as mentioned previously in the lower loads
conditions (20 N). However, interestingly enough, a relatively steady decline in
displacement of the pin occurred when the HT and HC were subjected to a normal
load of 40 N at a sliding speed of 78 mm/s, wearing against AISI E52100 high
chrome steel ball-shaped pin, after a misalignment mixed with an initially severe
wear. Let us set aside the misalignment which always accompanies the running-in
stage. This is not the topic to be discussed in the present section. What is to be
explored here is the declining of displacement of the pin, which lasted for some 2
min as illustrated in Figure 5.9. The so-called negative wear [20, 22] only occurred
when 40 N was selected as a normal load within this research. The alteration of an
equivalent sliding speed from 45 to 78 mm/s failed to lead to this response under the
load of 20 N. To confirm this effect, two more rounds of tests were conducted under
the same testing condition, and similar results were obtained, implicating that this
response was repeatable. The mechanism of this effect and why HR did not have this
effect under the load of 40 N will be discussed further in the discussion section.
Moreover, the vertical distances between the peak and the bottom of the decrease
period, for HT and HC, as marked with arrows in Figure 5.9, are almost the same
(approximately 10 μm for HT and 11 μm for HC, respectively). After the negative
wear period for HT and HC, a steady positive wear appeared and the slope of
displacement versus the time for the duration left is almost linear, which is similar to
that of HR, after running-in and severe wear stage, as can be seen in the figure.
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Figure 5.8 Surface morpologies of worn tracks of HR (a), (d) and (g); HT
(b), (e) and (h); HC (c), (f) and (i). (a)-(c), (d)-(f) and (g)-(i) represent the
results gained under 20 N, 45 mm/s; 20 N, 78 mm/s; and 40 N, 78 mm/s
resectively with a test duration of 7.5 min

Figure 5.9 Negative wear response for HT and HC tested under a normal load of 40
N at a sliding speed of 78 mm/s
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Figure 5.10 Different wear responses for HR, HT and HC in two-group tests,
showing the existance of repeatability

Figure 5.11 Surface morpologies of worn tracks of initial wear (2 min); (a)
HR (b) HT (c) HC

In order to gain a clear picture of what happened concerning this phenomenon during
negative wear, a 2 min long wear test was performed under the load of 40 N at the
sliding speed of 78 mm/s. A simlar event occurred and the curves for Test 2 are
shown in Figure 5.10, compared with Test 1 just mentioned previously. Although the
curves for Test 1 and Test 2 for HR are to some extent separated from each other, the
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overall tendencies combining with the curves for HT and HC were consistent with
the conclusion mentioned above. The scatter of Test 1 and Test 2 for HR may be
attributed to the systematic misalignment and unevenness of the material.

The morphologies of the worn surfaces were taken, as shown in Figure 5.11. As can
be seen from this figure, there is almost no tribo-oxide layer as a whole covering the
wear track for HR, and only relatively small islands and patches were formed,
indicating that they were just growing in height during wear. Wear debris, mainly
oxides are dispersed and compacted on the tracks. However, on the tracks of HT and
HC saw well-formed and maintained so-called oxide protetive layers on the tracks.
Observations with optical microscope indicated that the levels of the glaze layers
were slightly higher than that of unworn surfaces, implicating that a negative wear
behaviour was operating.

Traditionally, the method of judging the wear rate only dependent on the vertical
displacement of the pin has always been prefered by some tribo-workers [20, 43,
119]. It can be achived by a sensor or transducer installed in the wear testing system.
However, its drawbacks are also apparent since both components of a wearing pair
may contribute to wear loss [16, 120], especially when the hardness numbers of the
pin specimen and the disc specimen are at the same order [121]. In that case, the loss
of wear will be dominated by the pin specimen, even though the pin is much harder
than the disc to be slid. Thus, the morphologies of worn surfaces, which are indicated
in Figure. 5.12, were observed using an optical microscope (OM) in this study to see
what happened to the upper pin specimens used after wearing against HR, HT and
HC. Each worn surface appeared to be shiny and metallic cutting grooves can be
clearly seen. Only small parts of the surfaces were covered with dark phaces which
were reported as the oxide products formed after wearing [55]. These products may
be a result of materials transfer between the two contact components occured during
sliding. Overall, although with a relatively higer original hardness, there must be a
severe wear mechanism for the tested pins involved during the negative wear in the
whole wearing system. The general diameters of each round-shaped worn surfaces
on HR, HT and HC are measured to be some 570, 620 and 625 μm, respectively.
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Figure 5.12 Worn surfaces of pins sliding against HR(a), HT(b) and HC(c)
under a normal load of 40 N at a sliding speed of 78 mm/s

5.4

Discussion

5.4.1

Wear resistance

It is well known that Cr-bearing cast iron has long been regarded as a good choice if
excellent wear resistance is pursued during service due to its extensively dispersed
hard eutectic carbides and, if any, secondary carbides gained through subsequent heat
treatment [1, 59]. Thus, the wear resistance of the alloy used in this study is also a
concerned issue. Since there are some limitations to evaluate the wear resistance
when a pin-on-disc apparatus, equipped with a censor monitoring the vertical
displacement of pin, is used in laboratory, some features can still be tapped, judging
the appearances of the worn pins. Irrespective of the vertical displacements of pins
tested under the load of 40 N at the sliding speed of 78 mm/s with a testing duration
of 2 min, the ball-shaped high chrome steel pin slid with HR has the least volume
loss with an approximate round worn surface with a diameter of some 570 μm.
However, the diameters of the worn surfaces of pins rubbed aginst HT and HC were
both around 620 μm, as mentioned in the previous section and indicated in Figure
5.12. This reveals that, under the same wear conditions employed in this study, the
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pin slid against HR performed a better wear resistance. At the same time, attention
should also be paid back to Figure 5.11 which demonstrates that a protective oxide
film failed to be established on the sliding track of HR. There are only some small
oxide plateaux retained on the surfaces. When it comes to the tracks of HT and HC,
healthy oxide films were well established and maintained under 40 N at the sliding
speed of 78 mm/s before breaking off. It can be concluded that if 40 N and 78 mm/s
are selected as testing parameters in this work, HR is less wear resistant and its
counterpart pin accordingly performs a better resistance to oxidational wear. HT and
HC possess better wear resistance, since, after a sliding duration of 2 min, a load
bearing wear protective layer can be formed without breaking down while growing
in height in the 2 min period. Even a high chrome steel pin with a relatively high
macro-hardness of 890 HV10 was unable to withstand the abrasion of oxide [16].

5.4.2

Relationship between friction and the onset of self-formation of the oxide
protective layer

It is the self-formed tribo-oxide layer between the sliding contact surfaces that
mainly determines the coefficient of friction, and the degree of damage on the
surfaces of rubbing materials. First, with regard to energy transformation, it can
prevent the direct metallic sliding contact, thus lowering the frictional heat and
energy created by rubbing. This frictional energy generated from rubbing between
metals may be several orders of magnitude greater than that produced from metal-tooxide or oxide-to-oxide contact. Rigney and his co-workers proposed that it was
practical to build up an energy model based on which all the frictional energy is
consumed through plastic deformation of the near-surface layers [84]. However,
situation may change when a stable oxide layer is formed and well maintained during
wearing, though the plastic deformation of substrate beneath the tribo-oxide film
may still be operating, as extensively studied by observing the cross section of
materials after sliding wear and documented in literature [50, 52, 54, 122]. As mild
oxidational wear is acting, the maintenance becomes a foremost issue if a further low
wear rate is required. In fact, the bonding strength between the self-formed oxide
film and substrate may be a fundamentally important issue to be discussed [20, 21,
38].
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As shown in Figure 5.7, whichever sample was tested under the load of 20N, there
was always a turning point, after which the value of COF was slowly descending,
implicating that a steady increase in the thickness of oxide film may be acting after
this point. With further increasing the sliding time until the end, the plateaux and
islands of oxide in the earlier stage was progressively joining together and eventually
a glaze layer as a whole was covering the sliding track, after which a protection for
the substrate material was wholly provided [24]. When HR was sliding under a lower
load, 20N at 45 mm/s, as applied in this study, the increase in real contact
temperature was less than that at the higher sliding speed of 78 mm/s. Although this
growth may be negligible at this order of magnitude [13], the substrate may be more
softened at a higher sliding speed [63, 122]. This difference may result in slight
postponement of the establishment of a tribo-protective layer between the interfaces
of oxide and substrate, for a harder martensitic matrix structure. Situation changes if
HT and HC are slid since a predominantly austenitic matrix structure can be work
hardened [35, 91]. Therefore, this effect promotes the early arrival of submit of COF
if the sliding speed increases, as illustrated in Figure 5.7 (b) and (c).

5.4.3

Effect of secondary carbides

As clearly shown in Figure 5.6, more secondary carbides, M3C, were precipitated in
the austenitic matrix for HC than for HT, since more defects within austenite grains
were prompted after hot compression at the temperature of 1050 °C. However, the
hardness was measured to be almost the same as each other, both within the range of
255 and 275 HV10. In addition, the vertical displacements of the pin for HT and HC
were nearly the same at 10 and 11 μm respectively as revealed in Figure 5.9. By
taking account of the result that the diameters of the pins slid against their
counterparts, HT and HC disc, after 2 min test, it can be speculated that the
contribution to the critical thickness of glazed layers made by the variation of the
amount of secondary carbides dispersed in matrix would be marginal.

5.4.4

Effect of substrate hardness and matrix
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As shown in Figure 5.9, a negative wear response occurred after its running-in for
HT and HC when the applied load was elevated to 40 N, which lasted for around 2
min, and then the trend reversed and a steady rise came. What caused this
phenomenon? In this study, HT and HC were heated to 1050 °C and destabilised for
8 min, and there was a hot compression process particularly added for HC prior to
water quench. However, both samples were relatively soft because of their austenitic
matrix, compared to HR with a predominantly martensitic matrix. It has been
suggested by some authors that the substrate hardness has a strong influence on the
formation of, and providing support to, the wear protective oxide layer [20, 38-40,
54]. Stott and Jordan [40], from the perspective of establishment of the protective
film, proposed that there would be more possibilities of removal of wear debris
generated locally if the contacting surfaces were getting closer due to poor support
from a softer substrate. Lee and Eliezer [20], however, thought that it was a
combination of the low shear strength of the oxide film and hard substrate that would
be beneficial to lower friction, while So [38] advised that softening the substrate of
the rubbing components by means of raising the surface temperature would be
detrimental to the bonding strength between the layer of oxide film and the surface of
the substrate. Furthermore, by investigating the effects of the substrate matrix on
oxidational behaviours, Wang et al. [54] believed that a low-hardness tempered
sorbite matrix failed to be effectively and stably supportive of the existence of oxide
film when delamination behaviour was involved. It is clear that the view that a soft
or softened substrate matrix would not be somewhat a preferred adjacent supporter
for sliding wear-induced oxide film is broadly prevalent among these researchers.
However, it is worth noting that, as pointed out by Deadmore and Lowell [46], the
bond failure between the oxide layer and substrate that caused oxide spalling
stemmed from the thermal expansion mismatch between the oxide film and the
substrate metal. The thermal expansion mismatch stress, as given in [46], can be
described as:
σox = EoxΔT(αox-αm)

(5-1)

where σox is the thermal stress at the bonding interface between the oxide layer and
substrate, Eox the elastic modulus of oxide, ΔT the difference between the oxidising
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temperature and the temperature at which the oxide is cooled, and αox and αm are the
coefficients of thermal expansion of oxide and substrate respectively [20, 46]. The
thicker the oxide film, the higher the stress at the interface. When the stress reaches
the critical value, the oxide film becomes unstable and would readily spall off.
Firstly, for a matrix with predominant austenite, the thermal expansion coefficient
and ductility are both better compared with those of martensite. These would
promote the performance of match between the oxide and the austenitic matrix, since
austenite may readily expand along with the expansion of oxide being formed on it.
On the other hand, although with a higher hardness, it seems difficult for a
martensitic matrix to obtain a good expansion match coefficient with the oxide. With
a better thermal expansion match, cast iron alloys with a predominantly retained
austenite matrix would possess a better performance of rapid formation and growth
of oxide film at a high load. This film would not break down until it reaches its
critical thickness, beyond which the stress generated at the interface would detach the
bond or just make the oxide easily spalled off [20, 21, 38, 49]. This may partially
explain why a negative wear occurs to HT and HC under 40 N at the sliding speed of
78 mm/s. Nevertheless, particular attention has to be paid since a varied wearing
condition may result in different results. For instance, if the applied normal load or
sliding speed is sufficiently high, the match between the oxide and a predominantly
retained austenite substrate would not necessarily perform better than that between
the oxide and a martensite substrate. In that case, a martensite substrate might be
preferred instead, if a negative wear stage is expected prior to transition to a steady
mild oxidational wear.

Secondly, the slip lines in the austenite extended away from the grooves after wear,
which demonstrated the excellent ductility of austenite [59], is also confirmed by the
present work, due to observations along both sides of the wear tracks. It is found that
numerous slip lines are distributed along the sides for HT and HC under the normal
load of 40 N at a sliding speed of 78 mm/s. Figure 5.13 shows the slip lines formed
along the worn track for HC under this condition.

79

CHAPTER 5 INTERFACE ADHESION BETWEEN OXIDE LAYER AND SUBSTRATE IN SLIDING WEAR

Figure 5.13 Slip lines formed along the worn track for HC under 40N and 78 mm/s

However, very few such slip lines, are found in the same regions for HR. This
difference is in that a mostly austenitic structure would be readily strain-hardened
[43, 123], resulting in a relatively higher micro-hardness locally adjacent to the
subsurface layer of substrate. The micro-hardness values were obtained by measuring
the adjacent substrate surface after the oxide layer formed on the worn surfaces for
each samples were partly polished away. Although the extent to which the depth
polished may be somewhat arbitrary, the measurement result shows that the
austenitic substrates for both HT and HC become harder, with a micro-hardness
range from 750 to 950 HV25g instead of around 370 HV25g measured prior to wear
testing. Slip lines on the substrate surfaces were observed using an optical
microscope (OM), indicating that the underlying metal was extensively hardened.
However, no additional martensite was observed using optical microscope (OM). It
is widely accepted that retained austenite is a metastable phase and readily
transforms into martensite if some external stress is applied [13, 124]. This
demonstrates that the austenite phase after wear testing was still rather stable.
Nevertheless, it can be concluded that a predominantly retained austenitic matrix
with a relatively low hardness performs better than a martensite structure in terms of
supporting the growth and maintenance of oxide film, which is formed on them at
higher normal load during rubbing in this study.

5.4.5

Effect of oxygen partial pressure with applied normal load
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Here, it seems that a conflicting result arises. According to the result obtained by Lee
and Eliezer, the negative wear phenomenon only occurred when the applied normal
load was lower than the critical load. In their experiment, when 2.23 and 4.45 N was
applied, a negative wear arose, while the load was increased to 8.9 N, the negative
wear disappeared. However, in the present study, the same response occurred under
the load of 40 N instead of 20 N. One reason that can account for why negative wear
occurred at relatively lower loads in the study, whereas the same response was
observed at higher load instead in the present study, is the difference of oxygen
partial pressure chosen in these two tests. Regardless of the materials and sliding
speed selected, it is well accepted that an higher oxygen partial pressure result in an
increased oxidation rate, both statically and dynamically like sliding rubbing between
two metal components. Under low oxygen partial pressure, e.g. a mild vacuum
condition as applied in their test, the growth rate of oxide protective film is relatively
low, due to a low oxidation rate. A lower rate of thermal expansion of oxide results
from this process, which will accommodate the plastic deformation of substrate
material under a relatively lower load quite well. However, when the load is in
excess of the critical load, although the oxidation rate may rise to some extent by the
increase in normal load, the quite lower oxygen partial pressure is still a key factor
dominating the whole process of growth rate of oxide film. In this situation, a lower
expansion rate of oxide combined with a relatively severe plastic deformation of
substrate metal prompted by a higher normal load may be detrimental to an excellent
bonding strength at the interface between the oxide plateaux and underlying
materials. One can postulate that the build-up and increase in height of the oxide
layer will be destroyed spontaneously until the deformation rate of the underlying
metal drops to a rather low condition due to work hardening, and enough oxidised
wear debris are produced and trapped on the wear track. Then, such a protective film
can be effectively formed and continuously grow in height to reach its critical
thickness at which it fails to perform as a solid lubricating layer. This explanation is
consistent with the experimental result obtained by Lee and Eliezer [20].
Nevertheless, if the oxygen partial pressure is high, e.g. normal atmospheric
condition, oxide film grows naturally rapidly, which results in a higher oxide
expansion rate. Again, if a normal load is applied, the match of rate between the
growth of oxide layer and plastic deformation of substrate surface at their interface
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will greatly influence the stability of oxide layer formed on the metal surface. When
a lower load is applied, e.g. 20 N as selected in the present test, the substrate surface
adjacent to the oxide deforms at a slight ductile rate, while the oxide plateaux
transiently formed on the rubbing surface expands quickly due to the higher oxygen
partial pressure. This results in a poor coherence between them since the bonding
stress is rather high. A stable oxide layer cannot be formed and many oxidised debris
are created through this process. As the sliding process continues, a successive
increase in the amount of such debris is produced and trapped in the wear track.
These wear debris can be recognised as third-body particles or abrasives between the
contacting surfaces, which leads to an increase in the coefficient of friction in the
beginning, as clearly shown in Figure 5.7. As the rubbing cycle increases, the debris
retained in the wear track are agglomerated and compacted to form a glazed layer,
thus resulting in a decrease in coefficient of friction. When the load is elevated to 40
N, the match between the expansion of oxide and the plastic deformation of substrate
metal beneath it becomes harmonious and the oxide plateaux grow effectively on the
supporting substrate. In view of this, the reason why no negative wear response was
observed for HR under both 20 and 40 N in the present wear test can be explained by
its poor ductility due to a high percentage of martensite in amount in the matrix.

When 20 N was applied as the normal load at a unidirectional sliding speed of 45
mm/s or 78 mm/s in this study, the trend of displacement of pin, as expectedly, was
always steadily on the rise after running-in. However, situation changed when the
applied normal load was elevated to 40 N at the sliding speed of 78 mm/s, in which
an around 2 mins negative wear was participated in the whole sliding rubbing
activities for HT and HC. No similar behaviour was found for HR under the same
wearing conditions. One can naturally postulate that there would be a transition load
between 20 N and 40 N, above which a negative wear could occur. Further, one can
also imagine that, with the increase in the load that is above the transition load, the
duration of negative wear for HT and HC, full of metastable retained austenite, may
decline with a function of Δ load. Here, Δ load is described as:
ΔL=LN-LT1

(5-2)
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where ΔL is the increment of load, LN the applied load that can result in negative
wear, LT1 the transition load, above which negative wear occurs. Again, one has to be
conscious of what happens if the duration diminishes to zero, if any, when Δ load
reaches a critical value, named as LoadT2, at which the LoadN is higher enough to
eliminate the negative wear. In that situation, any attempt to establish a tribo-oxide
layer and raise its thickness will be in vain and the mass loss will be replaced by
severe metallic wear due to the extremely high value of applied load. If the duration
of negative wear is also a function of the amount of metastable retained austenite
gained after quench for this alloy, would there be an imaginable relationship between
the duration of negative wear (TD), and the amount of metastable retained austenite
(MAr, %) together with the applied load (LN) and sliding speed (V)? If it does exist,
is there an infinitely prolonged period of negative wear in which the so-called oxide
protective layer is ever-lasting growing in thickness at an extremely low growth rate,
till it reaches its critical thickness? As the point that there exists a critical thickness of
such an oxide layer that is influenced by many complicated tribo-factors, were
supported by many others, a prolonged negative wear, if preferred, would also be
very meaningful.

5.5

(1)

Conclusions
When under the load of 20 N, whichever sliding speed (45 or 78 mm/s) was
applied, the wear was always mild for the tested cast iron disc after running-in.

(2)

There seem to be an obvious difference in the value of COF at the end for HR
tested under the three set of sliding wear conditions, while those for HT and
HC tended to be merged.

(3)

The high chrome steel pin always experienced severe metallic wear under all
conditions in this study.

(4)

When the applied normal load was elevated to 40 N, a negative wear occurred
and lasted for around 2 min for HT and HC, prior to turning into mild
oxidational wear. No similar result was gained from HR under the same testing
condition.

(5)

The negative-wear displacement of pins for HT and HC were similar (1011μm), indicating an existence of a critical thickness of oxide protective film in
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this research. Furthermore, the amount of secondary carbides had negligible
influence on the critical thickness of oxide layer.
(6)

Under the condition of 40 N and 78 mm/s with a testing duration of 2 min, HT
and HC were more wear resistant compared with that of HR because they were
under the protection of well formed oxide films.

(7)

A matrix with extensive retained austenite is more supportive of the growth
and maintenance of oxide film under the condition of 40 N and 78 mm/s before
the oxide film spalls off.
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CHAPTER 6

EFFECT OF GROWTH OF OXIDE LAYER ON THE COEFFCIENT OF
FRICTION DURING DRY SLIDING

6.1

Formation and development of oxide layer with time

As discussed in Chapter 5, negative wear response only occurred for HT and HC
instead of for HR, under a sliding condition of 78 mm/s and 40 N. Although an
increase in sliding speed from 45 to 78 mm/s under lower load (20 N) was carried
out, there was no indication of similar response for all the samples. This reveals that
different oxidational wear mechanisms, respectively, apply under the loads of 20 N
and 40 N. Efforts were made, in this chapter, from various angles, to explore the
reasons behind that to make the result in line with that discussed in the previous
chapter.

For convenience of discussion in this part, attention is advised to be drawn to the
pictures shown in Figure 6.1. Neglecting the curves of COF in each figure, firstly,
there is always a roughly steady ascend in Z (representing the vertical displacement
of the pin) as a function of time elapsed during testing, after an inevitable
misalignment response for all the tests. These misalignments of the pin-on-disc wear
testing were usually accompanied with marked jumps in Z, as shown in the figures,
expect for the curve in (f) with a dramatic drop in Z. However, it can also be
interpreted as a misalignment response needed to reach an initial conformity between
the two sliding components [125]. After this step-like response, a slower increase
began for the curve of Z in figures (a)-(f). This stage generally lasts until the end of
sliding. At the same time, the COF curves from figures (a) to (f) indicates roughly
inverse V-shape trends with an increase at the beginning stage of sliding, lasting for
some 50 to 200 s for different sliding parameters applied, and is followed by a
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steadier decline until the rubbing finished. The decrements and slopes at the descend
stage again vary greatly for various conditions. However, the inverse V-shape is
generally universal and apparent for the curves in figures from (a) to (f). As a widely
accepted fact, the decrease in COF is due to the onset of formation and development
of oxide films, whether they are induced by the compaction of wear debris, or interdiffusion of ions of oxygen and/or, if possible, iron [23, 24, 37, 42]. This reveals that
in the stage of the increase in COF, regardless of the misalignment stage, almost no
or very limited oxide products were generated on the surface, otherwise the COF
would have decreased.

Z
COF

COF
COF

Z

Z

(a) HR, 20 N and 45 mm/s

(b) HT, 20 N and 45 mm/s

COF

Z

Z

COF

(c) HC, 20 N and 45 mm/s

COF

Z

(d) HR, 20 N and 78 mm/s

Z
COF

(e) HT, 20 N and 78 mm/s

COF

(f) HC, 20 N and 78 mm/s

COF

Z
Z

(g) HR, 40 N and 78 mm/s

(h) HT, 40 N and 78 mm/s

(i) HC, 40 N and 78 mm/s

Figure 6.1 ΔZ and COF curves for all the sliding conditions
Nevertheless, if attention is directed to (g)-(i) in Figure 6.1, the difference in the
general trends for COF is pronounced, compared with those in figures (a)-(f), as
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discussed previously. Again, an irregular misalignment occurred for each COF.
Instead of a steady climb in COF, a short duration of decrease in COF appeared this
time, with a much more marked response for HT and HC, and longer periods of
decrease of approximately 40 s for the former and 45 s for the latter, as indicated
with an arrow in Figure 6. 2.

Z
COF
COF

COF

Z
Z

Figure 6.2 Short duration of decrease in COF for HR (a), HT (b) and HC (c),
respectively, after misalignment and running-in
After this decreasing trend for HT and HC, followed by an inverse trend, there is
always a severe fluctuation, after which an almost constant COF follows and this
period lasts until the end. On the contrary, the decrease slope and duration of COF
for HR is not as pronounced as those indicated in Figure 6.2 (b) and (c), and a very
slight increase period follows rather than a trend with a roughly constant COF.
Another obvious difference is the curves for displacement of pin (ΔZ), with an
around 2-min negative wear response occurred for HT and HC which has been
extensively discussed in Chapter 5. This response, however, is not obvious, as
illustrated in (g) of Figure 6.1. The only difference for the conditions between (a)-(f)
and (g)-(i) is the change in applied normal load from 20 to 40 N. Thus, thoughts
should be tapped from this aspect.

6.2

Difference of oxidation rate caused by varying applied load

Quinn in 1962 [126] showed that if wear mild is operating, the wear rate is
proportional to the oxidation rate, provided that 𝜃𝑚 is written for
𝛼′

𝑀 ∝ exp (− 𝜃 )
𝑚

(6-1)

87

CHAPTER 6 EFFECT OF GROWTH OF OXIDE LAYER ON THE FRICTION COEFFICENT DURING DRY SLIDING

where 𝑀 is the wear rate, 𝛼′ is a constant. 𝜃𝑚 is the temperature at the real areas of

contact in excess of surface temperature (= Tc − Ts ), known as the ‘hot-spot

temperature’ (℃) [16]. However, 𝜃𝑚 , as defined by Quinn, is only a function of
speed or a combination of speed and contact time, rather than the applied load.

It is indicated that to be in consistent with the parabolic oxidation law, the
oxidational activation energy should be considered [16]. The activation energy can
be expressed as
𝑘

Eα = −𝑅𝑇𝑙𝑛 �𝐴�

(6-2)

where A is the frequency factor for the reaction, R the universal gas constant, T the
temperature and k the reaction rate coefficient.

Based on Eq. (6-2), it is probable that when 20 N and 45 mm/s (or 78 mm/s) were
applied, the surface temperature is not high enough to activate the oxidation reaction
at the beginning stage after the misalignment. The friction energy (or can be used as
hot-spot temperature, 𝜃𝑚 ) is mostly retained in the rubbing surface and subsurface,
until enough friction energy has accumulated locally to reach a temperature high

enough to activate oxidation after a number of passes required. At the same time, the
surface was worn to some extent and an extensive amount of metallic wear debris
was created and retained on the surface. This wear debris would be more readily
oxidised and compacted to form oxide layer.

Alternatively, the surface can be slightly and slowly oxidised even under the load of
20 N. However, the oxidation rate is too slow to compensate the wear loss. This is
more likely situation since, at initial stage, the contact for the pin specimen as used in
this study is a ball-shaped pin is a point-contact. The wear loss should be rather high
at the beginning due to high stress, resulting in a rapid displacement of pin vertically.
This drop in vertical direction perpendicular to the sliding surface is well in excess of
the expansion of the worn surface stimulated by the surface oxidation. These two
responses, positively and negatively, are reflected in the trend of displacement of the
pin as a function of time elapsed. However, if the second explanation becomes
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operative, it would be concluded that the effect of lowering COF efficiently caused
by formation and growth of oxide film would only be taken when a certain height of
oxide plateaux is reached as revealed in (a)-(f) in Figure 6.1. It can also be inferred
that if the oxide layer is formed by compaction of wear debris, a period of
compacting the oxide products to become dense enough is required rather than loose
wear debris dispersed on the rubbing surface, to make the tribo-oxide layer to be
more effective in lubricating between the rubbing surfaces and lowering the COF
values.

In the case of HT and HC slid under the load of 40 N and sliding speed of 78 mm/s,
the situation would probably change. After an inevitable systematic misalignment,
respectively, a negative displacement of pin accompanied with a decline in COF
follows immediately. This is explicitly indicated that the oxide formation was
activated by the ion diffusion mechanism rather than wear debris compaction theory,
since there is not enough wear debris produced during such a short period needed to
overcome the misalignment stage. Besides, it seems that the effect of decreasing
COF caused by lubricating effect of oxide formation is spontaneously taking into
effect and no obvious retarding effect. It would be concluded that the wear of the pin,
at the beginning of sliding contact, would probably be severe, which causes an
enormously positive displacement of pin. To compensate for the positive movement
of the pin, the growth rate of oxide at the initial passes would greatly accelerate by
the elevation of contacting temperature stimulated by the high load applied on the
sliding surface. If the oxidation process is governed by Arrhenius equation, in this
situation, the energy supplied would be very well in excess of the activation energy
required, and additional proof for oxide formation through diffusion mechanism
rather than compaction of oxidised wear debris gained in (h) and (i). Although the
displacements of pin are still on the declining path as function of sliding time, the
COFs reverse their declining trends and begin to increase shortly followed by
obvious fluctuations, as shown in Figure 6.3. This short increase followed by
fluctuations in COF means the surface fatigue mechanism has been involved,
resulting in initiation of cracking on the oxide film surface. At the same time, the
enlargement of the rubbing surface of ball-shaped pin will probably cause
disequilibrium of contacting and dissipation of surface heat. However, as more
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frictional heat dissipates into the sub-layer of oxide plateaux and thus an increase in
oxidation temperature, the detriment of advance of oxide formation into substrate is
well maintained temporarily during this period until the heat accumulated reaches its
theoretical upper limit and the oxide layer reaches its critical thickness beyond which
the protective film becomes unstable and spall off due to surface fatigue and
adhesion wear.

COF

COF

Z
Z

Figure 6.3 Different trends of COF and Z with time before equilibrium wear, under
the sliding condition of 40 N and 78 mm/s when HT (a) and HC (b) were selected as
the tested samples

6.3

Mapping analysis of different oxidised zones

Figure 6.4 (a) shows the morphology of the worn surface of HT obtained under the
load of 40 N and the sliding speed of 78 mm/s after 2 min. The EDS mappings of the
distribution of oxygen taken under the working voltages of 20 kV, 7 kV and 10 kV
are illustrated in (b), (c), and (d) in this figure. As a higher voltage applied will
stimulate the X-ray signal of the underlying element from much deeper zones which
means the main information of the mapping result shown in (b) is obtained from the
deepest zone underneath the worn surface, while (c) reveals the oxygen distribution
of the worn surface from the shallowest layer beneath it.
It can be seen in this figure, as to the worn zone marked with ①, these areas are very
dim and the oxygen distributions are almost unchanged (or just with very slight

increase in oxygen) when comparing (b), (d) with (c). This clearly reveals that this
area is the least oxidised zone and the oxide film is very thin. Since this area is only
covered with thin oxide film and is worn the least on the rubbing surface, it can be
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concluded that the least rubbing cycles were occurred for this zone. The worn
morphology in detail is shown in Figure 6.5 (a).

Figure 6.4 Worn surface of HT after 2-min sliding under 40 N and 78 mm/s (a),
and the EDS mappings under various working voltages (b, c and d)

Figure 6.5 Morphologies of worn surface in different zones with various oxidation
conditions
Area ② in (b) of Figure 6.5 is more oxidised which can be confirmed that the
oxygen is denser when the working voltage is lowered to 10 kV (d) and 7 kV (c).

This area is the real contact area during sliding, and the oxide plateaux are growing
in thickness and are well maintained, as revealed in Figure 6.5 (b). The wear
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resistance of this area should be excellent as it is flat in the presence of a certain
thickness of oxide sheet, and almost no cracks have initiated and propagated. Area
③ is the zone with the thickest oxide scale covering on the substrate, and is called
critical-thickness-oxide layer. It can be inferred that this area is sufficiently oxidised
and cracking events are prevalent on the top of surface due to its brittleness. It seems
that the oxidised scales would be break-off instantly. The break-down mechanism is
governed by surface fatigue rather than critical shear strength. If the attention is
again paid to Figure 6.2 (b), as the worn surface discussed here is HT, the proof is
evidently revealed. The mechanism has been extensively discussed when Figure 6.3
is presented previously, and the author does not intended to repeat the explanations.
As to area ④ shown in (d) of this figure, it is apparent that extensive oxidation
occurs. EDS mapping result indicates that no obvious change in the distribution of
oxygen by altering the voltage from 20 to 7 kV. This is because of the generation of
an excessive amount of loose oxidised debris produced by the breaking down of
severely cracked un-protective oxide film as identified in area ③. Once enough

oxide debris is produced on the rubbing surface, originally from area ③, the

successive growth of oxide film for areas of ① and ② would be expectedly
interrupted due to the brittleness as well as abrasiveness of the oxide debris

accumulated with the rubbing pairs that will abrade the protective oxide film into
wear debris before this region becomes unstable caused by surface fatigue. This is
not an arbitrary inference as it can be confirmed from the tendency of COF, as shown
in Figure 6.3 (a), in which it can be clearly seen that once the sliding time is beyond
the turning point as identified with a dotted line, the value of COF is almost
unchanged as a function of time. Figure 6.6 shows the worn surface for HT after slid
against pin specimen with a sliding time of 7.5 min.

Figure 6.6 Morphology of HT after 2-min sliding under 40 N and 78 mm/s
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As can be seen from this figure, some areas are covered with compacted oxide films,
while most of the worn surface is still coated with ultra-fined oxide debris ready to
be compacted into tribo-glaze. However, since the glaze as shown in this figure is not
highly compacted, or is not thick enough. The COF does not still begin to decrease.

Figure 6.7 Adhesive traces on the worn surface of HT 2-min sliding under 40 N and
78 mm/s
It is noted that in Figure 6.4 (a), there is a zone, identified with ①’ which is more
clearly shown in Figure 6.7. This area is, to some extent, associated with adhesive

wear. Although this area is not severely rubbed and the oxide layer is thin, the oxide
scales is created and is ready to be transferred to the rubbing surface of counterpart.
The mapping results indicate that this area is well oxidised with certain thickness of
oxide film. This can be explained by the development of ease of oxidation of the
worn surface worn by adhesion, as the oxygen would enter the substrate through the
spalled traces more readily.

6.4

(1)

Conclusions

The coefficient of friction is not necessarily reduced with the growth of oxide
layer in height.

(2)

Although the oxide plateaux reaches the critical thickness, leading to
continuous negative displacement of pin for HT and HC, the protection of such
a layer for the substrate is reduced and is readily spalled off due to surface
fatigue.

(3)

The area which experienced adhesion shows a good surface oxidation due to
the enhancement of ease of oxidation through the adhesion traces produced on
the worn surfaces.
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CONCLUSIONS AND FUTURE WORK

7.1

Conclusions

This thesis examined the prevalent views on the factors inducing the destabilisation
of the tribo-protective oxide layer stimulated and coated on the metallic substrate via
un-lubricated unidirectional sliding wear. The novel sandwich composite material
fabricated using cast iron as a core layer and low carbon steel as outer layers was
used in this study to investigate the sliding wear response. The main findings are
listed as follows:

(1)

More secondary carbides can be precipitated from the austenitic matrix under
hot compression condition at 1050 °C and in a vacuum as ambient parameters,
revealing that a more destabilised structure can be obtained.

(2)

An originally hard matrix, like HR as studied in this thesis, does not
necessarily means a superior support of the oxide layer covering on the
substrate, compared with HT and HC with soft matrices with initial hardnesses
almost halved that of their counterpart, HR.

(3)

The sliding wear resistance of the matrix of substrate with a hard structure is
also not necessarily superior to its relatively soft counterparts, as once a wellmaintained protective oxidised lubricating film is formed, the wear coefficient
is greatly lowered and much more determined by the surface condition and
thickness of the oxide plateaux.

(4)

A low normal load applied under low sliding speeds (45 and 78mm/s in this
study) is assumed more likely to produce loose wear debris that would more
readily be oxidised at a high oxidation rate on the worn track between the
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sliding pair, followed by compaction of the oxidation production into the
smooth glaze, lowering the wear.
(5)

Under a higher load, the oxygen diffusion-dominating oxide plateaux can play
a major role in lowering both the oxidational wear and coefficient of friction at
the beginning of sliding, just after misalignment and running-in.

(6)

The coefficient of friction would only be reduced when the oxide layer is kept
with none or almost no cracking events occurred on the surfaces of the
plateaux. The result in this study indicated that tribo-plateaux at their critical
thickness seem to be inefficient in reducing the coefficient of friction, though
with the maximum thickness during sliding contact.

7.2

Future work

As the differences of un-lubricated unidirectional sliding wear response for the cast
iron samples with austenitic and martensitic matrix selected in this study have been
shown in the previous chapters, the following aspects should be considered in the for
the next stage of future work:

(1)

Since it was found that when 40 N was applied, negative wear occurred prior to
steady mild wear for HT and HC rather than HR, and no similar response
happened if 20 N is selected, there would be a transition load at which the
negative wear begins to appear. Tests can be carried out to confirm the value of
the transition load which is probably between 20 and 40 N.

(2)

In this study, the main differences of wear response are thought to be caused by
the disparity of the matrices, namely predominant austenitic matrix and mostly
martensite matrix of the tested samples. It is advised that the percentage of
martensite obtained from heat treatment using the Gleeble 3500 can be
changed and controlled. For example, the amount of martensite can be
controlled at 30, 50 and 80%. In this way, more sliding wear behaviours can be
explored based on an alteration of the percentage of martensite in austenitic
matrix, and the adhesion performance between the oxide layer and substrate
can be presented more clearly.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK
(3)

As the area very close to the cast iron/low carbon steel bonding interface can
be extremely quenched to a fully martensite structure which has a very high
hardness , the wear response in this area can also be studied.

96

REFERENCES

REFERENCES

[1]

C.P. Tabrett, I.R. Sare and M.R. Ghomashchi, Microstructure-property
relationships in high chromium white iron alloys. International Materials
Reviews, 1996. 41(2): p. 59-82.

[2]

N.P. Suh, An overview of the delamination theory of wear. Wear, 1977.

[3]

N. P. Suh, The delamination theory of wear. Wear, 1973. 25(1): p. 111-124.

[4]

M.X. Wei, S.Q. Wang, L. Wang, X.H. Cui and K.M. Chen, Effect of
tempering conditions on wear resistance in various wear mechanisms of
H13 steel. Tribology International, 2011. 44(7-8): p. 898-905.

[5]

S.Q. Wang, M.X. Wei, F. Wang, X.H. Cui and K.M. Chen, Effect of
morphology of oxide scale on oxidation wear in hot working die steels.
Materials Science and Engineering: A, 2009. 505(1-2): p. 20-26.

[6]

D.A. Rigney, L.H. Chen, M.G.S. Naylor and A.R. Rosenfield, Wear
processes in sliding systems. Wear, 1984. 100(1-3): p. 195-219.

[7]

D.N. Hanlon, H.Y. Li, W.M. Rainforth and C.M. Sellars, The Formability
of Spray-formed, High-chromium Content, White Cast Iron. Journal of
Materials Science Letters, 1998. 17(19): p. 1637-1640.

[8]

D.N. Hanlon, W.M. Rainforth, and C.M. Sellars, The effect of spray
forming on the microstructure and properties of a high chromium white cast
iron. Journal of Materials Science, 1999. 34(10): p. 2291-2301.

[9]

L.-m. Chang and J.-h. Liu, Effect of hot deformation on formation and
growth of thermal fatigue crack in chromium wear resistant cast iron.
Journal of Iron and Steel Research, International, 2006. 13(1): p. 36-39.

[10]

G. Xie, H. Sheng, J. Han and J. Liu, Fabrication of high chromium cast
iron/low carbon steel composite material by cast and hot rolling process.
Materials & Design, 2010. 31(6): p. 3062-3066.

[11]

B. Xiong, C. Cai, H. Wan and B. Lu, Fabrication of high chromium cast
iron and medium carbon steel bimetal by liquid-solid casting in

97

REFERENCES
electromagnetic induction field. Materials & Design, 2011. 32(5): p. 29782982.
[12]

J.F. Archard, Contact and Rubbing of Flat Surfaces. Journal of Applied
Physics, 1953. 24(8): p. 981-988.

[13]

D.A. Rigney, Sliding wear of metals. Annual Review of Materials Science,
1988. 18: p. 141-163.

[14]

K.H.Z. Gahr, Wear by hard particles. Tribology International, 1998. 31(10):
p. 587-596.

[15]

T.F.J. Quinn, Oxidational wear. Wear, 1971. 18(5): p. 413-419.

[16]

T.F.J. Quinn, Review of oxidational wear .1. The origins of oxidational
wear. Tribology International, 1983. 16(5): p. 257-271.

[17]

T.F.J. Quinn, J.L. Sullivan and D.M. Rowson, Origins and development of
oxidational wear at low ambient temperatures. Wear, 1984. 94(2): p. 175191.

[18]

R.M. Farrell and T.S. Eyre, The relationship between load and sliding
distance in the initiation of mild wear in steels. Wear, 1970. 15(5): p. 359372.

[19]

D.J. Barnes, J.E. Wilson, F.H. Stott and G.C. Wood, Influence of oxidefilms on friction and wear of Fe-5% Cr alloy in controlled environments.
Wear, 1977. 45(2): p. 161-176.

[20]

R.Y. Lee and Z. Eliezer, On the critical thickness of protective films at
sliding interfaces. Wear, 1984. 95(2): p. 165-175.

[21]

M. Vardavoulias, The role of hard second phases in the mild oxidational
wear mechanism of high-speed steel-based materials. Wear, 1994. 173(1-2):
p. 105-114.

[22]

H.S. Kong, E.S. Yoon and O.K. Kwon, Self-formation of protective oxidefilms at dry sliding mild-steel surfaces under a medium vacuum. Wear, 1995.
181: p. 325-333.

[23]

F.H. Stott and G.C. Wood, The influence of oxides on the friction and wear
alloys. Tribology International, 1978. 11(4): p. 211-218.

[24]

J.E. Wilson, F.H. Stott and G.C. Wood, Development of wear-protective
oxides and their influence on sliding friction. Proceedings of the Royal

98

REFERENCES
Society of London Series a-Mathematical Physical and Engineering
Sciences, 1980. 369(1739): p. 557-574.
[25]

M. Fink, A new component of wear. Trans. Amer. Soc. For Steel Treating,
1930. 18.

[26]

S.J. Rosenberg and L. Jordan, Influence of oxide films on the wear of steels.
Trans. Am. Soc. for Metals, 1935. 23: p. 577-613.

[27]

A. Thum and W.Z. Wunderlich, Metallkunde. 1935. 27.

[28]

J.F. Archard and W. Hirst, The wear of metals under unlubricated
conditions. Proc. Roy. Soc., 1956. A236.

[29]

D.J. Barnes, J.E. Wilson, F.H. Stott and G.C. Wood, Influence of oxidefilms on friction and wear of Fe-5% Cr alloy in controled environments.
Wear, 1977. 45(2): p. 161-176.

[30]

F.H. Stott, The role of oxidation in the wear of alloys. Tribology
International, 1998. 31(1-3): p. 61-71.

[31]

Hardware Installation & Applications Manual for CETR UMT MultiSpecimen Test System.

[32]

E. Takeuchi, Mechanisms of wear of cast iron in dry sliding. Wear, 1968.
11(3): p. 201-212.

[33]

H. So, Characteristics of wear results tested by pin-on-disc at moderate to
high speeds. Tribology International, 1996.

[34]

Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus
(G99-05).

[35]

S. Hogmark, O. Vingsbo and S. Fridström, Mechanisms of dry wear of
some martensitic steels. Wear, 1975. 31(1): p. 39-61.

[36]

Y.C. Liu, J.M. Schissler and T.G. Mathia, The influence of surface
oxidation on the wear resistance of cast iron. Tribology International, 1995.
28(7): p. 433-438.

[37]

F.H. Stott, J. Glascott and G.C. Wood, Factors affecting the progressive
development of wear-protective oxides on iron-base alloys during sliding at
elevated temperatures. Wear, 1984. 97(1): p. 93-106.

[38]

H. So, The mechanism of oxidational wear. Wear, 1995. 184(2): p. 161-167.

[39]

S.H. Bian, S. Maj and D.W. Borland, The unlubricated sliding wear of steels:
The role of the hardness of the friction pair. Wear, 1993. 166(1): p. 1-5.
99

REFERENCES
[40]

F.H. Stott and M.P. Jordan, The effects of load and substrate hardness on
the development and maintenance of wear-protective layers during sliding at
elevated temperatures. Wear, 2001. 250: p. 391-400.

[41]

S.C. Lim, The relevance of wear-mechanism maps to mild-oxidational wear.
Tribology International, 2002. 35(11): p. 717-723.

[42]

V. Abouei, H. Saghafian and S. Kheirandish, Dry Sliding Oxidative Wear in
Plain Carbon Dual Phase Steel. Journal of Iron and Steel Research,
International, 2007. 14(4): p. 43-48.

[43]

C.C. Viafara and A. Sinatora, Influence of hardness of the harder body on
wear regime transition in a sliding pair of steels. Wear, 2009. 267(1-4): p.
425-432.

[44]

A.F. Smith, The influence of surface oxidation and sliding speed on the
unlubricated wear of 316 stainless steel at low load. Wear, 1985. 105(2): p.
91-107.

[45]

N. Saka, A.M. Eleiche and N.P. Suh, Wear of metals at high sliding speeds.
Wear, 1977. 44(1): p. 109-125.

[46]

D.L. Deadmore and C.E. Lowell, The effect of ΔT (oxidizing temperature
minus cooling temperature) on oxide spallation. Oxidation of Metals, 1977.
11(2): p. 91-106.

[47]

Y. Birol and D. Isler, Thermal cycling of AlTiN- and AlTiON-coated hot
work tool steels at elevated temperatures. Materials Science and
Engineering: A, 2011. 528(13-14): p. 4703-4709.

[48]

J. Jiang, F.H. Stott and M.M. Stack, Some frictional features associated with
the sliding wear of the nickel-base alloy N80A at temperatures to 250 °C.
Wear, 1994. 176(2): p. 185-194.

[49]

W.M. Rainforth, A.J. Leonard, C. Perrin, A. Bedolla-Jacuinde, Y. Wang, H.
Jones and Q. Luo, High resolution observations of friction-induced oxide
and its interaction with the worn surface. Tribology International, 2002.
35(11): p. 731-748.

[50]

A. Bedolla-Jacuinde, R. Coffea, I. Mejia, J.G. Quezada and W.M. Rainforth,
The effect of titanium on the wear behaviour of a 16%Cr white cast iron
under pure sliding. Wear, 2007. 263: p. 808-820.

100

REFERENCES
[51]

X.H. Cui, S.Q. Wang, F. Wang and K.M. Chen, Research on oxidation wear
mechanism of the cast steels. Wear, 2008. 265(3-4): p. 468-476.

[52]

R. Correa, A. Bedolla-Jacuinde, J. Zuno-Silva, E. Cardoso and I. Mejia,
Effect of boron on the sliding wear of directionally solidified highchromium white irons. Wear, 2009. 267(1-4): p. 495-504.

[53]

J.L. Sullivan and S.S. Athwal, Mild wear of a low alloy steel at
temperatures up to 500°C. Tribology International, 1983. 16(3): p. 123-131.

[54]

S.Q. Wang, M.X. Wei and Y.T. Zhao, Effects of the tribo-oxide and matrix
on dry sliding wear characteristics and mechanisms of a cast steel. Wear,
2010. 269(5-6): p. 424-434.

[55]

N.C. Welsh, The Dry Wear of Steels I. The General Pattern of Behaviour.
Philosophical Transactions of the Royal Society of London. Series A,
Mathematical and Physical Sciences, 1965. 257(1077): p. 31-50.

[56]

J.F. Archard, The temperature of rubbing surfaces. Wear, 1959. 2(6): p.
438-455.

[57]

S.J. Rosenberg and L. Jordan, J. Res. Nat. Bur. Stand., Wash, 1934. 13: p.
267.

[58]

A.W. Batchelor, G.W. Stachowiak and A. Cameron, The relationship
between oxide films and the wear of steels. Wear, 1986. 113(2): p. 203-223.

[59]

O.N. Dogan, J.A. Hawk and G. Laird, Solidification structure and abrasion
resistance of high chromium white irons. Metallurgical and Materials
Transactions a-Physical Metallurgy and Materials Science, 1997. 28(6): p.
1315-1328.

[60]

T.H.C. Childs, The sliding wear mechanisms of metals, mainly steels.
Tribology International, 1980. 13(6): p. 285-293.

[61]

N.C. Welsh, Frictional Heating and Its Influence on the Wear of Steel.
Journal of Applied Physics, 1957. 28: p. 960-968

[62]

E. Takeuchi, The mechanism of wear of spheroidal graphite cast iron in dry
sliding. Wear, 1972. 19(3): p. 267-276.

[63]

D.A. Rigney, Comments on the sliding of wear of metals. Tribology
International, 1997. 30(5): p. 361-367.

101

REFERENCES
[64]

A.B. Jacuinde and W.M. Rainforth, The wear behaviour of high-chromium
white cast irons as a function of silicon and Mischmetal content. Wear, 2001.
250: p. 449-461.

[65]

S. Venkatesan and D.A. Rigney, Sliding friction and wear of plain carbon
steels in air and vacuum. Wear, 1992. 153(1): p. 163-178.

[66]

C. Rodenburg and W. Rainforth, A quantitative analysis of the influence of
carbides size distributions on wear behaviour of high-speed steel in dry
rolling/sliding contact. Acta Materialia, 2007. 55(7): p. 2443-2454.

[67]

H. So, D.S. Yu and C.Y. Chuang, Formation and wear mechanism of tribooxides and the regime of oxidational wear of steel. Wear, 2002. 253(9-10): p.
1004-1015.

[68]

M. Wei, K. Chen, S. Wang and X. Cui, Analysis for Wear Behaviors of
Oxidative Wear. Tribology Letters, 2011. 42: p. 7.

[69]

T.F.J. Quinn, Effect of hot-spot temperatures on unlubricated wear of steel.
Asle Transactions, 1967. 10(2): p. 158-168.

[70]

H. Uetz and J. Föhl, Wear as an energy transformation process. Wear, 1978.
49(2): p. 253-264.

[71]

F.E. Kennedy, Thermal and thermalmechanical effects in dry sliding. Wear,
1984. 100(1-3): p. 453-476.

[72]

F.P. Bowden, Tabor, D., The friction and lubrication of solids, part 2.
Oxford University Press. 1964.

[73]

R.F. Monteiro MJ, Effect of chromium content on the oxidation behaviour
of high-speed steels under dry and moist air environments. Materials science
forum, 2006.

[74]

F.H. Stott, J. Glascott and G.C. Wood, The sliding wear of commercial Fe12%Cr alloys at high temperature. Wear, 1985. 101(4): p. 311-324.

[75]

J. Jiang, F.H. Stott and M.M. Stack, A generic model for dry sliding wear of
metals at elevated temperatures. Wear, 2004. 256(9-10): p. 973-985.

[76]

M. Zandrahimi, M. Bateni, A. Poladi and J. Szpunar, The formation of
martensite during wear of AISI 304 stainless steel. Wear, 2007. 263(1-6): p.
674-678.

102

REFERENCES
[77]

M.A. Islam, A. Haseeb and A.S.W. Kurny, Study of wear of as-cast and
heat-treated spheroidal graphite cast-iron under dry sliding conditions. Wear,
1995. 188(1-2): p. 61-65.

[78]

B.K. Prasad, Sliding wear response of a cast iron under varying test
environments and traversal speed and pressure conditions. Wear, 2006.
260(11-12): p. 1333-1341.

[79]

B.K. Prasad, Sliding wear response of cast iron as influenced by
microstructural features and test condition. Materials Science and
Engineering A, 2007. 456(1-2): p. 373-385.

[80]

J.C.G. Milan, M.A. Carvalho, P.R. Xavier, S.D. Franco and J.D.B. De
Mello, Effect of temperature, normal load and pre-oxidation on the sliding
wear of multi-component ferrous alloys. Wear, 2005. 259(1-6): p. 412-423.

[81]

O.N. Dogan and J.A. Hawk, Effect of carbide orientation on abrasion of
high Cr white cast iron. Wear, 1995. 189(1-2): p. 136-142.

[82]

S.C. Lim and M.F. Ashby, Wear-mechanism maps. Acta Metallurgica, 1987.
35(1): p. 1-24.

[83]

G. Straffelini, M. Pellizzari and L. Maines, Effect of sliding speed and
contact pressure on the oxidative wear of austempered ductile iron. Wear,
2011. 270: p. 714-719.

[84]

D.A. Rigney and J.P. Hirth, Plastic deformation and sliding friction of
metals. Wear, 1979. 53(2): p. 345-370.

[85]

J. Molgaard, Discussion of oxidation, oxide thickness and oxide transfer in
wear. Wear, 1976. 40(3): p. 277-291.

[86]

T.F.J. Quinn, The oxidational wear of low alloy steels. Tribology
International, 2002. 35(11): p. 691-715.

[87]

S. Wang, M. Wei, F. Wang, X. Cui and C. Dong, Transition of Mild Wear
to Severe Wear in Oxidative Wear of H21 Steel. Tribology Letters, 2008.
32(2): p. 67-72.

[88]

S.Q. Wang, M.X. Wei, F. Wang and Y.T. Zhao, Transition of elevatedtemperature wear mechanisms and the oxidative delamination wear in hotworking die steels. Tribology International, 2010. 43(3): p. 577-584.

[89]

Z. Kolozsváry, The study of surface fatigue in sliding wear. Wear, 1973.
25(2): p. 215-224.
103

REFERENCES
[90]

P.W. Leach and D.W. Borland, The unlubricated wear of flake graphite cast
iron. Wear, 1983. 85(2): p. 257-266.

[91]

T.S. Eyre and D. Maynard, Surface aspects of unlubricated metal-to-metal
wear. Wear, 1971. 18(4): p. 301-310.

[92]

D.N. Hanlon, W.M. Rainforth and C.M. Sellars, The rolling/sliding wear
response of conventionally processed and spray formed high chromium
content cast iron at ambient and elevated temperature. Wear, 1999. 225229(Part 1): p. 587-599.

[93]

J. Glascott, F.H. Stott and G.C. Wood, The transition from severe to mild
sliding wear for Fe-12%Cr-base alloys at low temperatures. Wear, 1984.
97(2): p. 155-178.

[94]

Y. Wang and T. Lei, Wear behavior of steel 1080 with different
microstructures during dry sliding. Wear, 1996. 194(1-2): p. 44-53.

[95]

Y. Wang, T. Lei and J. Liu, Tribo-metallographic behavior of high carbon
steels in dry sliding: I. Wear mechanisms and their transition. Wear, 1999.
231(1): p. 1-11.

[96]

Y. Wang, T.Q. Lei and J.J. Liu, Tribo-metallographic behavior of high
carbon steels in dry sliding: III. Dynamic microstructural changes and wear.
Wear, 1999. 231(1): p. 20-37.

[97]

M. Kawamoto and K. Okabayashi, Study of dry sliding wear of cast iron as
a function of surface temperature. Wear, 1980. 58(1): p. 59-95.

[98]

R. Tyagi, S. Nath and S. Ray, Effect of martensite content on friction and
oxidative wear behavior of 0.42 Pct carbon dual-phase steel. Metallurgical
and Materials Transactions A, 2002. 33(11): p. 3479-3488.

[99]

S. Tekeli, A. Güral and D. Özyürek, Dry sliding wear behavior of low
carbon dual phase powder metallurgy steels. Materials & Design, 2007.
28(5): p. 1685-1688.

[100]

J.Q. Xu, Y.Y. Chen, W. Wang, K.P. Liu, H.S. Liu and Y.D. Xiao, Sliding
friction properties of austenite- and martensite-based white cast iron
containing 8.5% chromium. Journal of Materials Science, 2010. 45(22): p.
6108-6114.

104

REFERENCES
[101]

J.V. Bee, G.L.F. Powell and B. Bednarz, A substructure within the
austenitic matrix of high chromium white irons. Scripta Metallurgica et
Materialia, 1994. 31(12): p. 1735-1736.

[102]

R. Jones, V. Randle and G. Owen, Carbide precipitation and grain boundary
plane selection in overaged type 316 austenitic stainless steel. Materials
Science and Engineering A, 2008. 496(1-2): p. 256-261.

[103]

F. Maratray, Improvement of and research into new abrasion-resistance
materials. Metals Forum, 1980. 3(1): p. 28-36.

[104]

S. Rangaswamy, H. Herman and S. Safai, Thermal expansion study of
plasma-sprayed oxide coatings. Thin Solid Films, 1980. 73(1): p. 43-52.

[105]

O.N. Dogan, G. Laird and J.A. Hawk, Abrasion resistance of the columnar
zone in high Cr white cast irons. Wear, 1995. 181: p. 342-349.

[106]

T.T. Matsuo, C.S. Kiminami, W.B. Fo and C. Bolfarini, Sliding wear of
spray-formed high-chromium white cast iron alloys. Wear, 2005. 259(1-6):
p. 445-452.

[107]

S.P. Gadag and M.N. Srinivasan, Dry sliding wear and friction: Lasertreated ductile iron. Wear, 1994. 173(1-2): p. 21-29.

[108]

T.S. Eyre, Effect of boronising on friction and wear of ferrous metals. Wear,
1975. 34(3): p. 383-397.

[109]

B. Venkataraman and G. Sundararajan, The high speed sliding wear
behaviour of boronized medium carbon steel. Surface and Coatings
Technology, 1995. 73(3): p. 177-184.

[110]

H.-J. Kim and Y.-G. Kweon, The effects of retained austenite on dry sliding
wear behavior of carburized steels. Wear, 1996. 193(1): p. 8-15.

[111]

www.gleeble.com/3500

[112]

C.P. Tabrett and I.R. Sare, Fracture toughness of high-chromium white irons:
Influence of cast structure. Journal of Materials Science, 2000. 35(8): p.
2069-2077.

[113]

S.G. S. Aso, Y. Komatsu and W. Hartono, Sliding wear of graphite
crystallized chromium white cast iron. Wear, 2001. 250: p. 511-517.

[114]

C.G. Schön and A. Sinatora, Simulation of solidification paths in high
chromium white cast irons for wear applications. Calphad, 1998. 22(4): p.
437-448.
105

REFERENCES
[115]

G. Xie, J. Han, J. Liu and Z. Jiang, Texture, microstructure and
microhardness evolution of a hot-rolled high chromium cast iron. Materials
Science and Engineering: A, 2010. 527(23): p. 6251-6254.

[116]

S.K. Hann and J.D. Gates, A transformation toughening white cast iron.
Journal of Materials Science, 1997. 32(5): p. 1249-1259.

[117]

J.R. Jiang, F.H. Stott and M.M. Stack, The role of triboparticulates in dry
sliding wear. Tribology International, 1998. 31(5): p. 245-256.

[118]

N.P. Suh, An overview of the delamination theory of wear. Wear, 1977.
44(1): p. 1-16.

[119]

P.W. Leach, Prow formation in the wear of cast iron. Wear, 1984. 96(2): p.
135-142.

[120]

S. Wilson and A.T. Alpas, Effect of temperature on the sliding wear
performance of Al alloys and Al matrix composites. Wear, 1996. 196(1-2):
p. 270-278.

[121]

H. So, Characteristics of wear results tested by pin-on-disc at moderate to
high speeds. Tribology International, 1996. 29(5): p. 415-423.

[122]

M. Wei, K. Chen, S. Wang and X. Cui, Analysis for Wear Behaviors of
Oxidative Wear. Tribology Letters, 2011. 42: p. 1-7.

[123]

S. Turenne, F. Lavallee and J. Masounave, Matrix microstructure effect on
the abrasion wear-resistance of high-chromium white cast-iron. Journal of
Materials Science, 1989. 24(8): p. 3021-3028.

[124]

A. Sinatora, M. Pohl and E.U. Waldherr, Wear induced martensite in high
chromium cast iron. Scripta Metallurgica et Materialia, 1995. 32(6): p. 857861.

[125]

P.J. Blau, On the nature of running-in. Tribology International, 2005. 38(1112): p. 1007-1012.

[126]

T.F.J. Quinn, Role of oxidation in the mild wear of steel. British Journal of
Applied Physics, 1962. 13(1): p. 33.

106

